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VOLUME IV
REINFORCED CONCRETE DESIGN

INTRODUCTION

-1 Pur pose

The purpose of this six volume manual is to present methods of design for pro-
tective construction used in facilities for development, testing, production,
maintenance, modification, inspection, disposal and storage of explosive
materials.

§-2 Objectives

The primary objectives are to establish design procedures and construction
techniques whereby propagation of explosion (from one building or part of a
building to another) or mass detonation can be prevented, and protection for
personnel and valuable equipment will be pr'oyided.

The secondary objectives are:

(1) Establish the blast load parameters required for design of pro-
tective structures;

(2) Provide methods for calculating the dyrnamic responrse ol struc-
tural elements including reinforced concrete, structural steel,
ete.;

(3) Establish construction details and procedures necessary to
afford the required strength to resist the applied blast loads;

(4) Establish guidelines for siting explosive facilities to obtain
maximum cost effectiveness in both the planning and structural
arrangements; providing closures, and preventing damage to in-
terior portions of structures due to structural motion, shock
and Tragment perforation.

4-3 Background

For the first 60 years of the 20th century criteria and methods based upon the
results of catastrophic events have been used for the design of explosive
facilities, The criteria and methods did not include detailed or reliable
quantitative basis for assessing the degree of protection afforded by the pro-
tective facility. In the late 1960's quantitative procedures were set forth
in the first edition of the present manual, "Structures to Resist the Effects
of Accidental Explosions.” This manual was based on extensive research and
development programs which permitted a more reliable approach to design re-
quirements. Since the original publication of this manual, more extensive
testing and development programs have taken place. This additional research
was directed primarily towards materials other than reinforeced conarete which
was the principal construction material referenced in the initial version of
the manual,




Modern methods for the manufacture and storage of explosive materials, which
include many exotic chemicals, fuels, propesllants, ete., required less space
for a given quantity of explosive material than was previously needed. Such
concentrations cof explosives increase the possibility of the propagation of
accidental explosions (one accidental explosion causing the detonation of
other explosive materials). It is evident that a requirement for more accu-
rate design techniques has become essential. This manual desaribes rational
design methods to provide the required structural protection.

These design methods account for the close-in effects of a detonation includ-
ing associated high pressures and nonuniformity of the blast loading on pro-
tective structures or barriers as well as intermediate and far-range effects
which are encountered in the design of structures which are positioned away
from the explosion. The dynamic response of structures, constructed of vari-
ous materials, or combination of materials, can be calculated, and details
have been developed to provide the properties necessary to supply the required
strength and ductility specified by the design. Development of these proce-
dures has been directed primarily towards analyses of protective structures
subjected to the effects of high explosive detonation. However, this approacn
is general and is applicable to the design of other explosive envirorments as
well as other explosive materials as numerated above,

The design techriquea set forth in this manual are based upon the results of
nunerous full- and small-scale structural response and explosive effects tests
of various materials conductad in conjunction with the development of this
manual and/or related projects.

4y Scope of Manual

This manual is limited only by variety and range of the assumed design situa-
tion. An effort has Dbeen made to cover the more probable situations. How-
ever, sufficient general information on protective design techniques has been
included in order that application of the basic theory can be made o situa-
tions other than those which were fully considered.

This manual 1s generally applicable to the design of protective structures
subjected to the effects associated with high explosive detonations. For
these design sitnations, this manual will generally apply for explosive quan-
tities less than 25,000 pounds for close-in effects. However, this manual iz
also applicable to obner situations such as far or intermediate range effects.
For these latter cases the design orocedures as presented are applicable for
explosive quantities up to 500,000 pounds which is the maximum guantity of
high explosive approved for storage facilities in the Department of Defense
maniual , "Ammunition and Explosives Safety Standards", DOD 6055.9-STD.

Because the tests condurted so far in connection with this manual have been
dirccted primarily tcowards the response of structural steel and reinforced
concrete elements to blast overpressures, this manual concentrates on design
procedures and techniques for these materials. However, this does not imply
that concrete and steel are Lhe only useful materials for protective construe—
tion. Tests Lo establish the response of wood, brick blocks, plastics, eto.
35 well as the Dblast attenuating and mass effects of soil are corntemplated.
The results of these tests may require, at a later date, the supplementation
of these design methods for these and other materials.,
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Other manuals are available which enable one to design protective structures
against the effects or high explosive or nuclear detonations. The procedures
in these manuals will quite often complement this manual and should be con-
sulted for specific applications.

Computer programs, which are consistent with the procedures and techniques
contained in the manual, have been approved by the appropriate representative
of the U. 8. Army, the U. S. Navy, the U. S. Air Force and the Department of
Defense Explosive Safety Board (DDESB)., These programs are available through
the following repositories:

1. Departinent of the Army

Commander and Direator

U. S. Army Engineer
Waterways Experiment Station
Post Office Box 631
Vicksburg, Mississippi 39180

Attn: WESKA

z, Department of the Navy

Cfficer-in-Charge

Civil Engineering Laboratory

Naval! Battalion Construction Center
Port Hueneme, California 93043

Attn: Code L5

3. Department of the Air Force

Aerospace Structures
Information and Analysis Center
Wright Paterson Air Force Base
Ohio U5433

Attn: AFFDL/FBR

The individual programs are identical at each repository. If any modifica-
tions and /or additions to these programs are required, they will be submitted
by the organization for review by DDESB and the above services. Upon concur-
rence of the revisions, the necessary changes will be made and notification of
these changes will be made by the individual repositories.

45 Format of Manual

This manual is subdivided into 3ix specific volumes dealing with varjious as-
pects of design. The titles of these volumes are as follows:

Volume 1 - Introduction

Volume II - Blast, Fragment and Shock Loads

Volume IIL - Principles of Dynamic Analysis

Volume 1V - Reinforced Concrete Design

Volume V - Structural Steel Decign

Volume VI - Special Considerations in Explosive Facility Design
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Appendix A 18 presented at the end of each volume. This appendix contains
procedures and illustrative examples which describe the material contained in
that particular volume.

Commonly accepted symbols have been used as much as possible. However, pro-
tective design involves many different scientific and engineering fields, and,
therefore, no attempt has been made to standardize completely all the symbols
used, Each symbol has been defined where it is first introduced, and a list
of the symbols, with Lheir defirnitions and units, is contained in Appendix B
Of each volume.

VOLUME QONTENTS
-5 General

This volume is concerned with the design of above ground blast resistant con-
crete structures, Procedures are presented to obtain the dynamic strength of
the various structw al components of concrete structures. Except for the par-
ticular case of the design of laced reinforced corncrete elements, the dynamic
analysis of the structural components is presented in Volume III.

The dynamic strengths of both the concrete and reinforcement under various
Stress conditions are given for the applicable design range and the allowable
deflection range. Using these strengths, the ultimate dynamic capacity of
varjous concrete elements are given, These capacities include the ultimabe
moment capacity for various possible cross-section types, ultimate shear capa-
city as a measwre of diagonal tension as well as ultimate direct shear and
punching shear, Lorsion capacity of beams, and the development of the rein-
forcement through bond with the concarete,

This volume contains procedures for the design of norn-laced (conventional
reinforcement) and laced concrete slabs and walls as well as procedures for
the cesign of flat slabs, beams and columns. Procedwres are presented for the
design of laced and non-laced slabs and beams for close-in effects whereas
procedures for the design of non-laced and flat slabs, beams and colunrs are
given for far range effects. It is not economical to use laced slabs for far
range effects. Design procedures are given for the flexural response of one-
and two-way non-laced slabs, beams and flat slabs wnhich undergo limited de-
flections. Procedwres are also given for large deflections of these elements
when they underge tensile membrane action. Laced reinforced slabs are de-~
signed for fiexural action for both limited and large deflections. Lastly,
the design of columns is presented fFor elastic or, at best, slight plastic
action.

The above design procedures are concerned with the ductile response of strue—
tural elements, Procedures are also given for the brittle mode response of
concrete elements. The ocecurrence of both spalling and scabbing of the con-
crete as well as protecition against their effects is treated. In addition,
procedures are presented for post-failure fragment desipn of laced concrete
widlls and slabs. The resistance of conarete elcements Lo primary fragnent im-
pact is considered. For the primary fragments determined in Volume II, meth-
0ds are presented to determine if a fragment is embedded in or perforates a
concrete wall. If embedment occurs, the depth of penetraticn is determined
and the occurrence of spalling of the far face can be evaluated. If perfora-
tion occurs, the residual velocity of the Cragment is determined,
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Required construction details and procedures for conventionaily reinforced and
laced reinforced concrete structures is the last item discussed in the
volume. Conformance to these details will insure a ductile response of the
structue to the applied dynamic loads.

BASIS FOR STRUCTURAL DESIGN
b7 General

Explosive storage and operating facilities are designed to provide a predeter-
mired level of protection against the hazards of accidental c¢xplosions. The
type of protective structure depsnds upon both the donor and acceptor systems.
The donor system (amount, type and location of the potentially detonating ex-
plosives) produces the damaging output while the acceptor system (persornel,
equipment, and "acceptor" explosives) requires a level of protection. The
protective structure or structural elements are designed to shield against or
attenuate the hazardous effects to levels which are tolerable to the acceptor
system.

Protective concrete structures are classified as either shelters or barriers.
Shelters enclose the receiver syster and are gen=rally located far from a po-
tential explosion, Barriers, on the otner hand, generally enclose the donor
system and, consequently, are located close to the potential explosion. A
shelter is a fully enclosed structure which is designed to prevent its con-
tents (acceptor system) from being subjected to the direct effects of blast
pressures and fragments. A barrier may be either a fully enclozed structure
(contaimment structure) or an open structure (barricade or cubicle type struc-
ture in whion one or more swfaces are frangible or open to the atmosphere).
Barriers are generally designed to resist close-in detonations. Their purpose
is to prevent acceptor explosives, and to a lesser extent, persornel and
equipment from being subjected to primary fragment impact and to attenuate
blast presswes in accordance with the structural configuration of the
barrier.

§-8 Modes of Structural Behavior

The response of a concrete element can be expressed in terms of two modes of
structural behavior; ductile and brittle. In the ductile mode of response the
element may attain large inelastic deflections without complete collapse,
While, in the brittle mode, partial failure or total collapse of the element
ocouwrs. The selected behavior of an element for a particular design is gov-
erned by: (1) the magnitude and duration of the blast output, (2) the occur-
rence of primary fragments, and (3) the function of the protective structure,
l.e., sheiter or barrier depending upon the protection level required.

4-9q Structural Behavior of Reinforced Concrete

4-9_1 General

When a reinforced concrete element is dyramically loaded, the eleme:l deflects
until such time that: (1) the strain energy of the element is developed suf-
ficiently to balance the kinetic energy produced by the blast load and the
element comes to rest, or (2) Jragnentation of the concrete occurs resulting
in either partial or total collapse of the element. The maximum dei’'lection
attainable is a function ¢f the span of the e2lement, the depthh of the element,
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and the type, amount, and details of the reinforcement used in a particular
design.

The resistance-deflection curve shown in figure 4-1 demonstrates the flexural
action of a reinforced concrete element. When the element ia first loaded,
the resistance ideally increases linearly with deflection until yielding of
the reinforcement is first initiated. As the element continues to deflect,
all the reinforciug steel yields and the resistance is constant with
inereasing deflection. Within this yield range at a deflection corresponding
to 2 degrees support rotation, the compression concrete crushes, For elements
without shear reinforcement, this erushing of the concrete rosults in failure
of the element. For elements with shear reinforcement (single ieg stirrups
shown in figure 4-2 or lacing shown in [igure L4-3) which properly tie the
fiexural reinforcement, the crushing of the conarete results in a slight 1o0ss
of capacity since the compressive force is transferred to the compression
reinforcement. As the element is further deflected, the reinforcement enters
into its strain hardening region, and the resistance increases with increcasing
deflection. Single leg stirrups will restrain the compression reinforcement
for a short time into its strain hardening region. At Tour (4) degrees
support rotation, the element loses its structural integrity and fails. On
the other hand, lacing through 1its truss action will restrain the
reinforcement through its entire strain hardening region until tension faillure
of the reinforcement occurs at 12 degrees support rotation.

Sufficient shear ecapacity must be afforded by the conerete alone or in
combination with shear reinforcaenent in order to develop the flexural capacity
of an element (figure 4-1). an abrupt shear Tailure can occu at any time
during the flcxural response if the flexural capacity exceeds the shear
capacity of the element,

4-9.2 Ductile Mode of Behavior in the Far Design Range

In the far design range, the distribution of the applied blast loads is fairly
uniform and the deflections required to absoro the loading are comparatively
small., Conventionally reinforced (i.e., non-laced) concrete elements with
comparatively minor changes to standard reinforcing details are perfectly ade-
quate to resist such loads. While laced reinforcement could be used, it would
be extremely uneconomical to do so.

The flexural response of non-laced reinforced concrete elements is demon-
strated through the resistance-deflection curve of figure 4-1. For elements
without shear reinforcement, the ultimate deflection is limited to deflections
corresponding to 2 degrees support rotation whercas elements with shear rein-
forcement are capable of attaining U4 degrees support rotation. For ease of
construction, single leg stirrups (fig 4-2) are used as shear reinforcement in
s5labs and walls. This type of reinforcement i3 capable of providing shear re-
sistance as well as the necessary restraint of the flexwal reinforcanent to
enable the slab Lo achieve this increased deflection.

A conventionally reinforced slab may attain substantially larger deflections
than those corresponding to U4 degrees support rotations. These inarcased de-
flections are possible only if the element has sufficient lateral restraint to
develop in-plane forces., The resistance-deflection curve of figure 4-U4 jllus-
trates the structural response of an elanent having lateral restraint. Ini-
tially, the element behaves essentially as a flexwral member., If vhe lateral
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restraint prevents small mations, in-planc compressive forces are developed.
The inercased capacity due to these forces is not shown in figure 4-4, Under
flexural action, the capacity is constant with increasing deflection until the
compression concrete crushes. As the deflection inarcaszes further ara Lhe
load carried by Lhe slab decreases, manbrane acltion in the slab is developed.
The slab carries load by the reinforcement net acting as a plastic tensile
membrane, The eapacity of the element inoreases with increasing deflection
until Lhe reinforcement fails in tension.

4-9.3 Ductile Mode of Behavior in the Close-in Design Range

Close-in detonations produce non-uniform, high irtensity blast loads. Ex—
tremely high-pressure concentrations are developed which, in turn, can produce
local (punching) failure of an elament. To maintain the structuwal integrity
of elements sabjected to these loads and to permit the large deflections nec-
essary to balance the kinetic energy produced, lacing reinforcement has been
developed.

Lacing reinforecement i3 shown in figure 4-3 while a typical laced wall is
shown in figure 4-5, A laced eloment is reinforced symmetrically, 1.e.,, Lhe
compression reinforcement is the same as the tension rceinforcement, The
straight flexural reinforeing bars on each face of the element and the inter-
vening concrete are tied together by the truss action of continuous bent
diagonal bars. This system of lacing contributes to the irtegrity of the
proteclive element in the following ways:

(1) Ductility of the flexwal reinforcement, inciuding the strain hard-
ening region, is fully developed.

(2) Integity of the concrete between the two layers of flexural rein-
forcement is maintained despite massive oracking.

(3) Compression reinforcement is restrained from buckling.
(%) High shear stresses at the supports are resisted.

(5) Local shear failwe produced by the high intensity of the peak blast
pressures is prevented.

(6) Quantity and velocity of post-failure fragments produced during the
brittle mode of behavior are reduced.,

The flexwral resporse of a laced reinforced concrete clement is illustrated by
the entire resistance-d-fluction curve shown in figwe 4-1, The lacing per-
mits the element to attain large deflections and fully develop the reinforee-
ment through its strain hardening region. The maximum deflection of a laced
elemnenrt corresponds to 12 degrees support rotation,

Single leg stirrups contribute to the integrity of a protective element in
much the same way as lacing, lLiowever, the stirrups are less effective ab the
closcr explosive separation distances. The explosive charge must be located
further away from ar element containing stirrups than a laced element. In
addition, the maximum deflection of an elemenl wilh single l2g stirrups is
limited to 4 degrees support rotation under flexural action or 8 degrees under
tension membrane action. 17 the charge location permits and reduced support
rotat.ions are required, elements with single leg stirrups may prove more
econromical than laced elements.,
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-9 4 Brittle Mode of Behavior

The brittle behavior of reinforced concrete is composed of three types of con-
crete failure: direct spalling, scabbing and post-failure fragments. Direct
spaliing consists of the dynamic disengagement of the concrete cover over the
flexural reinforcement due to high intensity blast presswea. Scabbing also
consists of the disengagement of the concrete cover over the flexural rein-
forcement, however, scabbing is due to the element attaining large deflec-
tions. Finally post-failure fragments are the result of the collapse of an
element and are uswually the more serious. Post-failure fragnents are gener-
ally large in number and/or size with substantial velocities which can result
irn propagation of explosion. Spalling and scabbing are usually only of con-
cern in those protective structures where personnel, equipment, or sensitive
explosives require protection. Controlled post-failure fragments are only
rermitted where the acceptor system consists of relatively insensitive explo-
sives.

The two types of spalling, direct spalling and scabbing, occu during the duc-
tile mode of behavior. Because direct spalling is dependent upon the trans-
mission of shwek pressures, fragments formed from this type of spalling are
produced immediately after the blast pressures strike the wall. Scabbing, on
the other hand, occurs during the iater stages of the flexural (ductile mode)
action of the element. Both types of spalls affect the capacity of the ele-
ment to resist the applied blast loads.

Pogt-failure fragments are the result of a flexural failure of an element.
The failure characteristics of laced and unlaced elements differ signifi-
cantly. The size of failed scetions of laced element is fixed by the location
of the yield lines. The element fails at the yield lines and the section be-
tween yield lines remain intact. Consequently, failure of a laced element
oorsists of a few large sections (fig H4-6). 0On the other hand, failure of an
unlaced element is a result of a loss of structural integrity and the frag-
ments take the form of concrete rubble (fig 4-7). The velocity of the post-
faiiure fragments from both laced and unlaced elements is a function of the
amount of blast overload. However, tests have indicated that the fragment
velocities of laced elements are as low as 30 percent of the maximum velocity
of the rubble formed from similarly loaded unlaced elements.

DYNAMIC STRENGTH OF MATERIALS
#-10 Introduction

A structural element subjected to a blast loading exhibits a higher strength
than a similar element subjected to a static loading. This increase in
strength for both tie conarete and reinforcement is attributed to the rapid
rates of strain thal occur in dynamically loaded members, These increased
stresses or dyramic strengths are used Lo calculate the element's dynamic
resistance to the applied blast lead. Thus, the dynamic ultimate resistance
of an element subjected to a blast load is greater than its static ultimate
resistance,

Both the concrete and reinforcing steel exhibit greater strength under rapid
strain rates. The higher Lhe strain rate, the higher the conpressive strenglh
of cenorete and Lhe higher the yield and ultimate strength of the reinforce
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ment ., This phenomenon is accounted for in the design of a blast resistant
structure by using dynamic stresses to calculate the dynamic ultimate resis-
tance of the reinforced concrete members,

L-11 Stress-Strain Curve

Typical stress-strain curves for concrete and reinforcing steel are shown in
figure 4-8. The solid curves represent the stress-strain relationship for the
materials when tested at the strain and loading rates specified in ASTM
Standards. At a higher strain rate, their strength is greater, as illustrated
by the dashed curves. Definitions of the symbols used in figure 4-8 are as
follows:

fé = gtatic ultimate compressive strength of concrete
f;c = dynamic ultimate compressive strength of concrete
fy = static yield stress of reinforcing steel
fdy = dynamic yleld stress of reinforcing steel

ru = static ultimate stress of reinforcing steel
fdu = dynamic¢ ultimate stress of reinforcing steel

ES = modulus of elasticity for reinforcing steel

EC = secant modulus of elasticity of conarete

€y rupture strain

From the standpoint of structural behavior and design, the most important
effect of strain rate is the Increased yield and ultimate strengths of the
reinforcement and the compressive strength of the concrete. For typical
strain rates encountered in reinforced concrete elements subjected to blast
loads, the increase in the yield strength of the steel and the compressive
strength of the concrete is substantial. The ultimate strength of the
reinforcement is much less sensitive to the strain rate. The inarease in the
ultimate strength is slight and the strain at whieh this stress occurs is
slightly reduced. There is essentially no change with strain rate in the
modulus of elasticity and rupture strain of the steel. In the case of
concrete, as the strain rate increases the scant modulus of elasticity
increcases slightly, and the strain at maximun stress and rupture remain nearly
constant .
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Y-12 Allowable Material Strengths
h-12.1 General

The behavior of a structural element subjected to a blast loading depends upon
the ultimate strength and ductility of the materials from which it is con-
structed. The required strength of a ductile element is considerably less
than that necessary for @ brittle element to resist the same applied loading.
A ductile element maintains its peak or near-peak strength through large plas-—
tic strains whereas a britile element fails abruptly with little energy ab-
sorbed in the plastic range. Reinforced conarete with well tied and anchored
ductile reinforcement can be classified as a ductile material,

4-12.2 Reinforcement

Reinforecing steel, designated by the American Society for Testing and Mater-
ials (ASTM) as A 615, Grade 60, is considered to have adequate ductility in
sizes up to No. 11 bars. The large No. 14 bars also have the desired duc-
tility, but t eir usage is somewhat resuvricted due to their special require-
ments of spacing and anchorage. No. 18 bars are not recommended for use in
bl ast resistant structures. For all reinforcement, ductility is reduced at
bends, lapped splices, mechanical splices, etc., and lcecation of these
anchorages near points of maximum stress is undesirable and should be avoided.

Reinforecing steel having a minimum yield of 75,000 psi can be produced having
chemical properties similar to ASTM A 615, Grade 60. However, production of
this steel requires a special order to be placed in which large quantities of
individual bar sizes (in the order of 200 tons per bar size) must be ordered.
It is recommanded that for thesz high strength bars only straight lengths of
bars be utilized, splicing of bars be avoided and application of ¢this
reinforcement be limited to members designated to attain an elastic response
or a slightly plastic response (Xm/XE less than or equal to 3).

It is desirable to know the stress-strain relationship for the reinforcement
being utilized in order to calculate tne ultimate resistance of an element,
This information is not usually available; however, minimun values of the
yield stress fy and the ultimate tensile stress fu are required by ASTM

Standards. For ASTM A 615, Grade 60 reinforcement, the minimum yield and
nitimate stiresses are 60,000 psi and 90,000 psi, respectively. Review of
numerous mili test reports for this steel indicate yield stresses at least
10 percent greater than the ASTM minimum, and ultimate stresses at least equal
to but rnot much greater than the ASTM wminimum. Therefore it is recommended
that for design purposes, Lhe minimum ASTM yield stress be increased by 10
percent while the mirimum ASTM ultimate stress be used without any iunarease.
So that, the recommended design values for ASTM A 0615, Grade 60 reinforcement,
are;

o}
l

= 66,000 psi

and

v
i

= 90,000 psi
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4-12.3 Cencrete

~ Even though the magnitude of the concrete strength is only significant in the
caloulation of the ultimate strength of elements witn support rotations less
than 2 degrees, its effects on the behavior of elements with both small and
large support rotations are of equal importance. The shear capacity of an
element is dependent upon the magnitude of the concrete strength. For ele-
ments with small support rotatious (less than 2 degrees), the use of higher
strength concrete may eliminate the need for shear reinforcement; while for
elements requiring shear reinforcement, the amount of reinforcement is reduced
as the conarete sbtrength is increased. For elements with large support rota-
tions (2 to 12 degrees), the cracking and crushing of the concrete associated
with the larger rotations is less severe when higher strength concrete is em-
ployed. Therefore, the strength of the concrete used in a blast resistant
structure may be celected to suit the particular design requirements of the
structure. However, under no circumstances should the concrete strength
fé be less thar 3,000 psi. It is recommended that 4,000 psi strength con-

crete be used in all blast resistarnt structures -egardless of the magnitude of
the blast load and deflection criteria,

T
4-13 Dyramic Design Stresses for Reinforced Concrete f
§-13.1 General 'Fﬁ
{x
o
Ductility is a significant parameter influsrcing the dynamic responsc and be- ey
havior of reinforced concrete members subjected to blast loadings. The impor- e

QE} tance of duetility increases as the duration of the blast load decreases rela-
tive to the natural period of the member., In general, to safely withstand a
blast load, the required ultimate resistance decreases with increasing ductil-
ity of the member. 1In fact, the ultimate resistance required of ductile mem-
bers is considerably less than that required for brittle members which fail
abruptly with little energy absorbed in the plastic range of behavior,

TR

TR

A ductile member is one that develops plastic hinges in regions of maximum
moment by first yielding of the tension reinforcement followed by crushing of

1\
the concrete. This behavior is typical of under-reinforced concrete sections. a&
A section can be designed to be very ductile by maintaining an under-rein- W
forced section, adding compression reinforcemenrt, and utilizing lacing bars to 35
prevent buckling of the compression reinforcement, For a laced section, the N
reinforcement is stressed through its entire strain-hardering region, that is, tv
the steel reaches its ultimate stress fdu and fails at its rupture strain "E

=

Ayl

£, In a llexural member, the straining of the reinforcement, and conse-

guently its stress, is expressed in terms of its angular support rotations.

oEIT

2

F]
el

§-13.2 Dynamic Increase Factor

.,,,,
-" )‘1,!

The dyramic ircrease factor, DIF, is equal to the ratio of the dynamic stress

i . . . o
to the static stress, e.g., fdy/ty' fdu/fu and fdc/fc' The DIF depends upon

W

the rate of strair of the element, increasing as the strain rate increases. ix

The design curves for the DIF for the unconfined compressive strength of con- E@

8?? crete and for the yield stress of ASTM A 615, Grade 60, reinforcing steel, are {3
i given in figure 4-9 and 4-10, respectively. The curves were derived from test k}
Fi:f?
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data havipg a maximum strain rate of 10 x 10'3 in./in./msec. for concrete and
2.1 x 10 in./in./msec. for steel. Values taken from these design curves are
conservative estimates of DIF and safe for design purposes.

Values of DIF have been established for design of members in the far design
range as well as for members in the close-in design range. These design val-
ues of DIF are given in table 4-1. Because of the increased magrnitude of the
blast loads and subsequent increase in the strain rate, the dynamic increase
factors for elements subjected to a celose-in detonation are higher than those
for elements subjected to an explosion located far from the element.

The design values of DIF presented in table 4-1 vary not orly for the design
ranges and type of material but also with the state of stress (bending, diag-
onal tension, direct shear, bond, and compression) in the material. The val-
ues for fdy/fy and f&c/fé for reinforced concrete members in bending assume

the strain rates in the reinforcement and concrete are 0.0001 in./in./ msec,
for tne far design range and 0.003 in./in./ msec. in the c¢lose-in design
range. For members in compression (columns), these strain rates are 0.0002
in./in./msec, and 0.0005 in./in./msec., The lower strain rates in compression
(compared to bending) account for the fact thal slabs, beams and girders
"frilter" the dynamic effects of the blast load. Thus, the dynamic load reach-
ing columns {s typically a fast "static" load ‘long rise time of load) which
results in lower strain rates in columns. These strain rates and the corres-—
ponding values of DIF in table U-1 are considered safe values for design pur-
poses.

Available data is not sufficient to permit the construction of a design curve
for the DIF for the ultimate stress of ASTM A 6i5 Grade 60 reinforcing steel.
However, it is kinown that the increase in the ultimate strength of the steel
is small and, therefore, not a significant factor in the design of reinforced
concrete members. A nominal value of the DIF is given in table 4-1.

The listed values of DIF for shear (diagonal tension and direct shear) and
bord are more conservative than for bending or compression. This conservatism
is justiflied by the need to prevent brittle shecar and bond failure and to
account for uncertainties in the design process for shear and bond.

A more accurate estimate of the DIF may be obtained utilizing Lhe DIF desigl
curve for concrete and steel given in figure U4-9 and 4-10, respectively. The
increase in capacity of flexural elements is primarily a function of the rate
of strain or the reinforcement, in particular, the time to reach yield, 3% of

the reinforcing steel., The average rate of strain for both the conerete and
steel may be obtaired considaring the strain in the materials at yield and the
time to reach yield. The member is first designed (procedures given in
subsequent sections) using the DIF values given in table 4-1. The time L0
reach yield, tgr 1is then calculated using the response charts presented in

Volume ITI. For the value tE’ the average strain rate in the materials can be

obtained, The average strain rate in the concorete (based on réo being
reachad at €, = 9,992 in./in.) is: '
0.00¢2
€l = -*8 < 41
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Table 4-1 Dynamic Increase Factor (DIF) for Design of Reinforced
Concrete Elements

r ’ ] ]
SE-

TYPE OF STRESS FAR DESIGN RANGE CLOSE~IN DESIGN RANGE
Reinforcing Bars Concrete Reinforcing Bars Concrete

L L} 1] T

rdy/fy x‘du/fu rdc/fc f‘dy/t‘y rdu/ru fdc/rc

Bending 1,17 1.05 1.19 1.23 1.05 1.25
Diagonal Tenslon 1.00 - 1.00 1.10 1.00 1.00
Direct Shear 1.10 1.00 1.10 1.10 1.00 1.10
Bond 1.17 1.05 1.00 1.23 1.05 1.00
Compression 1,10 -- 1.12 1,13 -- 1.16
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while the average strain rate in the reinforcement is: ﬁf%

I
£ ' = dy Ll" 2
'S E t. )
' s E
where £, = average strain rate for concrete ;
] !
ES = average strain rate rfor reinforcement R;
tp = time to yileld the reinforcement >
e
N
. . . - : "
For the strain rates obtained from cequations 4-1 and 4-2, the actual DIF is e
obtained for the concrete ai.d reinforcement from figure 4-9 and 4-10, respec- E}

tively. If the difference between the calculated DIF values and the design
values of table 4-1 are small, then the correct values of DIF arée those calcu-
lated. If the differernce is large, the calculated values of DIF are used as
new estimates and the process is repeated until tne differences between the
"estimated" and "calculated" values of DIF are small. The process converges
very rapidly and, in most cases, the gecond iteration of the process converges
on the proper values of DIF.

TAWRLEEZTETE

In most cases, the values of DIF obtained from table 4-1 are satisfactory for

design and the determination of the actual DIF values is unwarranted, How-

ever, the DIF values car significantly effect the final design of certain mem-

bers, and the extra calculations regquired to obtain the actual DIF valucs are Gé;
fully warranted. These include deep members, members subjected to impulse-

type blast loads and members designed to sustain large deflections. The aoct-

ual DIF values (usually higher than the design values of table 4-1) result in

a more realistic estimate of the ultimate flexural resistance and, therefore,

the maximum shear and bond stresses which must be resisted by the member.

e

e pr e
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For the elasto-plastic or plastic design of concrete elements, an equivalent
glastic curve is considered rather than the actual elasto-plastic resistance-
def'lection furction. The time to reach yield tE is computed based onr this

curve using the equivalent elastic deflection XE and stiffnress KE‘ Actually,

the reinforcement along the supports yield in less time than tE whereas the

reinforcement at mid-span yields at a time greater than t.. These differences
Y g E

. . . . . . L)
are compensating errors. Therefore, the time to reach yield tE for the equiv- 19
".\
alent curve whenr used in equations 4-1 and U-2 produces an accurate average ¥,
DIF for the conerete and reinforcement at the critical sections throughout a &S
reinforced concrele element. :
s!.
Ay

4§-13.3 Dynamic Design Stresses

J-

The magnitude of stresses produced in the reinforcement of an elemenrt respond-
ing in the elastic ranrge car be related directly to the strains. However, in
the plastic range the stresses cannot be related directly to the strains. An

P ok Sadieasnd

.l)-}"ll ‘l

1N

estimate of the average stress over portions of the plastic range can be made 4t? o
by relating this average stress to the defleclion of the elecment. The derleec- N }:
\
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-
)
%
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tion is defined in terms of the angular rotation at the supports. The averag»
dynamic stress is expressed as a function of the dynamic yield stress fdy and
the dynamic ultimate stress fau-
Criteria for the dynamic stresses to be used in the plastic design or ductile
reirnforced concrete elements are presented in table H4-2. The dynamic design
stress 1s expressed in terms of fdy’ fdu’ and fao. The value of these terms

is determined by multiplying the appropriate static design stress by the ap-
propriate value ¢f the DIF (table U4-1), so that:

£ (dynamic) DIF x £ (statia) 4-3
STATIC PROPERTIES
j-14 Modulus of Elasticity
4-1y4,1 Concrete
The modulus of elasticity of concarcete En is equal to:
: 1
E =w "2 33 ()7 41y
[ C o

for values ¢f o between 90 aand 155 lbs/ft3 where w, is the unit weight of

concrete and normally equal to 150 lbs/ft3.

4-14.2 Reinforcing Steel

The modulus of elasticity of rernforaing steel By is:

B, o= 29 % 10° psi b-5
4-14,3 Modular Ratio
The modular ratio n is:
n = kE./E
5/ B, 4-6

and may be taken as the nrearest whole number.



)
, Table 4-2 Dynamic Design Stresses for Design of Reinforced Concrete Elements .
LA
b (\l"‘
TYPE TYPE MAXIMUM SUPPORT DYNAMIC DESIGN STRESS
OF QF ROTATION, Gm
| * 1
N STRESS REINFORCEMENT {DEGREES ) REINFORCEMENT, f CONCRETE, f,. 4
;
] B
(l ) [ \‘\“’
A Tension 0 < em g2 rdy ch g:
; = "
. Bending and 2<8, <5 rdy + (fdu rdy)/u (2) %{
» , i‘
Y Compreasion 5<¢0 <12 \rdy + fdu)/2 (2) .
43
by :,..i
] ) : o
0<a < r :
" Diagonal n= dy ?c g(
Stirrups 2<8 <5 f iy At
X Tension n - dy ?c g.h
"l L
> 5 ¢ <12 fay de ¥,
]
D
- t
0 <6 <2 £ £
Dlagonal "= dy ?c
3 Lacing 2<9_ <5 f + (f - £ )/l f -
. Tension m dy du dy ?c -
: 5<8 <12 (fay * £0u)72 f4e 1
N, e
- N v
[ <) A,
. D<o <2 f r
Direct Diagonal m= dy de F
2¢98_<5 £foo+v (e - f )4 (3) 5
) Shear Bars n dy du dy }5
\
N 5¢ 8, <12 (4, * £4,072 (3 e
14
h ] it
F 4 '
Compression Column (4) fdy rdc

;M
T r L

e g
g

X F
st g il ey ge

(1) Tensior reinforcement only.

(2) Concrete crushed and not effective in resisting moment.

{3) Concrete {s congidered not effective and shear is resisted by the reinforcement only.
(4) cCapacity i{s not a function of support rotacion.
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B-15 Moment of Inertia

The determiration of the deflection of a reinforced concrete member in the
elastic and elasto-plastic ranges is complicated by the fact that the effec-
tive momert of inertia of the cross section along the element changes contin-
ually as cracking progresses. It is further complicated by the fact that the
modulus of elasticity of the concrete changes as the stress increases. It is
recommended that the computation of deflections throughout this volume be
based upon empirical relations determined from test data.

The average moment of inertia I, should be used in all deflection calculations
and is given by:

; -8 ¢ .

For the design of beams, the entire cross-section is considered, so that

bTo3
Ig = 1; 4-8a
<
and
I_ = Fbd” 4-8b

Fer the desigrn of slabs, a unit width of the cross-section is considered, so
that

Tc3
I = 4-9a
g 12 ?
and:
I = Fd3 4-9b
Q
where:
Ia = average moment of inertia of concrete cross section
I = moment of inertia of the gross corcerzate cross section
g (reglecting all reinforcing steel)
IC = moment of inertia of cracked concrete cross section

b = width of beam
T = thickress of gross concrete cross section

F = coelficient given 1n figures U-11 and 4-12
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The variation in the cracked moment of inertia obtained from figure U4-11 and

d = distarce from extreme compression fiber to centroid of
tension reinforcement

The momert of irertia of the cracked concrete section considers the compres-
sion concrete area and steel areas transformed into equiva 2nt concrete

and is computed abcut. the centroid of the transformed sec lion.
cient F varies as the modular ratio n

section,

areas

The coeffi-
and the amount of r. [~forcement in the

For sections with tensiorn reinforcement only, the coefficient F is

given in iigure H4-ii

while for sections with equal reinforcement on opposite

faces, the coefficjient F is given in figure 4-12.

4-12 is irnsignificant for low reinforcement ratios.

for the larger ratios.

The variation increases

Consequently, for the comparatively low reinforcement

ratios normally used in slab elements elither chart may be used with negligible

error.

For the higher reinforcement ratios normally used for beams, figure

4-12 must be used for equally reinforced sections whereas a weighted average
from figure 4-11 and 4~12 may be used for sections where the compression steel
is less thar the tension steel.

For one-way members the reinforcement

should be an average of the tension steel at the supports and midspan.
the effective depth d used to compute the cracked moment of irertia I, should

be an average of the effective depth at the supports and midspan.

ratio p used to obtain the factor F

Also,

However,

for two-way members, the aspect ratio must be considered irn the calculation of

the cracked moment of inertia.

Average values for the reinforcement ratio p

ard eftective depth d should be used to obtairn the cracked moment of inertia

in each direction and cracked moment of the member is then obtained from:

where:

o

-

cV
cH

I

cV

L_:_IoHH

L +H

= sparn lenglh

= span height

4-16 Introduction

Depending

a.

upon

type

4-10

= oracked moment of inertia in vertical direction

= ¢racked moment of irertia in horizontal direction

ULTIMATE DYNAMIC STRENGTH OF SLABS

the magnitudes of the blast
tions, one of three types of reinforced concrete cross sectiorns (figure 4-13)
car be utilized in the design or analysis of blast resistant concrete slabs:

I

output and permissible

-~ The concrete is effective in
concrete cover over the reinforcement or beth surfaces

ol the elemenrt remains

- 28 -

intact.

resisting moment.

deforma-

The
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Figure 4-13
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b, type 1I - The concrete is crushed and not effective in resisting
meoment, Compression reinforcement equal to the tension
reinforcement is required to resist moment., The con-
crete cover over the reinforcement on both surfaces of
the element remains intact,

¢. type III - The concrete cover over the reinforcement on both sur-
faces of the element is completely disengaged. Equal
tension and compression reinforcement which is properly
tied together is required to resist moment.,

Elements designed using the full cross section (type I) are usually encounter-
ed in those structures or portions of structures designed to resist the blast
outnut at the far design range. This type of cross section is utilized in el-
emerts with maximum deflections corresponding to support rotations less than 2
degrees. Maximum strength of an element is obtained from a type I cross sec-
tion, Type I elements may be reinforced on either one or both faces. How-
ever, due to rebound forces, reinfeorcement is required on both faces of an
element.

Crushing of the concrete cover over the compression reinforcement is exhibited
in elements which undergo suppornt rotations greater than 2 degrees. This
fallure results in a transfer of the compression stresses from the concrete to
the compression reinfercement which, in turn, results in a loss of strength.

Sufficient compression reinforcement must be available to fully develop the
tension steel (tension and compression reinforcement must be equal). Elemenls
which sustair crushing of the concrete without any disengagemant of the con-
crete cover are encountered in structures at the far design range when the
maximum deflectior conforms to support rotations greater than 72 degrees but
less than 5 degrees.

Although the ultimate strength of elements with type III eross sections is ro
less than that of elements with type II cross sections, the overall capacity
Lo resist the blast output is reduced. The spalling of the concrete cover
over both layers of reinforcement, caused by either the direction transmission
of high pressures through the element at the close-in range or large de-
I'lections at the far range, produces a loss of capacity due to the reduction
ir the ccrerete mass. A more detailed treatment of the phenomera of erushing
and spalling is preserted in subsequent sections of this volume.

The ultimate dynamic strength of reinforced concrete sections may be calcu-
lated in accordance with the ultimate strength design methods of the American
Concrete Institute Standard Building Code Requirements for Reinforced Concrete
(hereafter referred to as the ACI Buildirng Code)., The capacity reducticn fac-
tor @ which has beern established for conventionral static load conditiors is
omitted for the determiration of ultimate dynamic strength. Safety or relia-
bility of the protective structure is irherent in the establishment of the
magritude of the blast output for the donor charge, and in the criteria speci-
fied for deflection, support rotation, or fragment velocity. Other permissi-
ble departures from the criteria for static or gas pressure loadings are de-
seribed below,
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Although certain formulae for elements constructed with conventional weight
conerete are given in the following paragraphs of this chapter, more detailed
information and design aids are given in the bibliography. Because tests have
not yet been conducted to determine the response of lightweight concrete ele-
ments designed for close-in and far design ranges, the pertinent formulae for
this type of cooncrete are not included in the manual. However, lightwejght
conerete may be utilized for structures designed for low pressures (less than
10 psi); but the reduction in mass from conventional weight concrete must be
accounted for in the design to maintain the blast resistant capacity of the
structure.

4-17 Ultimate Mament Capacity
4-17.1 Cross Section Type I

The ultimate urit resisting moment M, of a rectangular section of width b with
tension reinforcement only is given by:

= - Y-
Mu (Asfds/b)[d (a/s2)] 1
in which:
= ' -
a Asfds/o'85 b fdC Y-12
where:
AS = area of tension reinforcement within the width b
fds = dynamic design stress for reinforcement

d = distance from extreme compression fiber
to centroid of tension reinforcement
a = depth of equivalent rectangular Stress block

b = width of compression face

féo = dynamic ultimate compressive strength of concrete

The reinforcement ratio p is defined as:
p = As/bd 4~13
To insure against sudden compression failures, the reinforcement ratio p must

rot excecd 0.75 of the ratio Py which produces balanced conditions at ultimate
strength and is given by:
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(0.85K,ry /£, [87,000/(87,000 ¢ £

where: &%’

= 0,85 for féo up to 4,000 psi and is reduced 0.05 for

-
Ml

each 1,000 psi in excess of 4,000 psi.,

For a rectangular section of width b with compression reinforcement, the ulti-
mate unit resisting moment is:

M, = LA, /D1Ld - (a/2)] 4-15
+ (ALf, /D) (d = d")
in which: 5 ds
a = (Ag ~ Al) £4/0.850 £, 4-16
where:

Aé = area of compression reinforcement within the width b

d' = distance from extreme compression fiber to centroid of
compression reinforcament

a = depth of equivalent rectangular stress biock

The reinforcement ratio p' is:

v a2

p' = A! /ud y-17
fo
9
Equation U4-15 is valid onrly when the compression steel reaches the value f4s ~d
at ultimate strength, and this condition is satisfied when: ﬁk
&
2.
. t - 1 1/¢ 7 - =1
p-p'2 0.85K1(1d0d /Idsd)[B/,OOO/(87,000 fds)] 4-18

R

ﬁ;
?
Ly

If p - p' is less than the value given by eguation 4-18 or when compressionr
steel is neglected, the calculated ultimate urit resisting moment should not
exceed that given by equation #4~11, The quantity p - p' must not exceed 0.75
of the value of p, given in equation 4-14,
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y-17.2 Cruss Section Types II and III
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Thne uitimate unit resisting moment of type II and type III reatangular sec— &x@ o
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where:

A = area of tension or compression reinforcement
within the width b

do = distance between the centroids of the compression
’ and the tension reinforcement
The reinforcement ratios p and p' are equal to:

= p' = 4-
Pp=p As/bde 20

The above moment capacity can only be obtained when the areas of the ternsion
and compression reinforcement are equal. In addition, this reinforcement must
be properly restrained so as to maintairn the integrity of the element when
large deflections are encountered,

4-17.3 Minimum Flexural Reinforcement

To insure proper structural behavior under both conventioral and blast load-
irngs, a minimum amount of flexural reinforcement is required. This quantity
of reinforcement insures that the moment capacity of the reinforced section is
greater than that corresponding to the plain concrete section computed from
its modulus of rupture, Failure cf a plain concrete section is quite sudden.
Alsa, this minimum reinforcement prevents excessive cracking and deformations
under conventionral loadings.

The minimum reinforcement required for slabs is somewhat less than that re-
quired for beams, since an overload would be distributed laterally and sudden
failure would be less likely. The mirnimum reinforcement ratio for dyrnamic de-
sign of slabs is given in table 4-3, However, this quantity of reinforcement
must also satisfy static desigrn requirements. Except for blast loads in the
order of magnitude of static loads, the minimum requirements for dyramic loads
will control. Ir cases where minimum requirements for static conditions con-
trol, the quantity of reinforcemenrt must be at least 1.33 times the quantity
required by static analysis or 0.0018 times the gross concrete area, whichever
is less,

Corecrete sections with tension reinforcement only are not permitted. For
type I sections, compression reinforcement equal to at least one half the re-
quired tension reinforcemert must be provided. This reinforcement is required
tu resist the ever present rebound forces. Depending upon the magnitude of
these rebound forces, the compressior reinforcement required may be greater
than ore half the tension reinforcement and substantially greater than the
minimum quantity givern in table 4-3. For type II and III cross sections, the
compression reinforcement is always equal to the tension reinforcement.

4-18 Ultimate Shear (Diagonal Tersion) Capacity

4-18.1 Ultimate Shear Stress

The wultimate shear stress v , as a measure of diagoral tension, is computed
for type I sections from:
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A

v. =V /bd 4-21
i1 u
and for type 11 and III sections from:

v =V /bd h-22
u u e

where V is the total shear on a width b at elther the face of the support, or

S e N e T IR L TP
P s L hat e

at the seotxon a distance d ’type I) or d (typea IT or III) from the face

of the support. For the latter case, the shear at sections between the face of
the support and the section d or do away need not be considered critiecal.

For laced elements, the shear stress is always calculated at do from the face

of the support (or haunch) since the lacing and required diagonal bars provide
sufficient corner reinforcement. For unlaced elements, the shear stress is
calculated at d from the face of the support for those members that cause com-
pression in their supports (fig. 4-18a), This provision should not be applied
for those members that cause tension in their supports (fig. 4-14b). For this
case, the ultimate shear stress should be calculated at the face of the sup-
port. In addition, the shear within the conrection should be investigated and
special corner reinforcement should be provided.
. . ) 1/2 .
The ultimate shear stress v, must not exceed 10 (réo) in sections using
p stirrups. The thickress of such sections must be increased and/or the quan-
Q:; tity of fliexural reirforcement reduced in order to bring the value of
vu within tolerable limits, In sections using lacing, there is ro restric-

tion on Vo because of the continulity provided by this typs of shear reinforce-

ment . However, for large shear stresses the area of the lacing bars required
may become impractical.

4-18.2 Shear Capacity of Unreinforced Concrete

The shear stress permitted on ar unreinforced web of a member subjected to
flexure only is limited to:

C )12 4 agu0p] &
Vo ® [1. 9(fdo ) + 25

1/2 .
00 3.5(£4,) 4-23

where p 1s the reinforcement ratio of the tension requirement at the support,.
For the computation of the reinforcement ratio, d is used for type I sections
and do for type II and IIL sections.For members subjected to sigrificant axial
tension, the shear stress permitted on an unreinforced web is limited to:

v = 2(1 + N /5004 )(f! )1/2 >0 =24
o 1} g de =

x

{

&

while for significant axial compression:
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— POTENTIAL DIAGONAL
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b. CRITICAL SECTION AT FACE OF SUPPORT

Figure 4-14 Location of critical sections for diagonal tension
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vC (1« Nu/ZOOOAg)(fdo) 4-25
where:
Nu = axial 1load normal to the cross section
Ag = gross area of the cross section

The axial load Nu must occur simultaneously with the total shear Vu on the

section in order Lo apply equations 4-24 and 4-25.

The value of Nu shall be taken as positive for compression and rnegalive for

tension The simplified dynamic analysis normally performed is not sufficient
to accurately determine the time variations between the desired forces and
moments from which NU and Vu are obtained. Unless a time-history analyses is

performed, any apparent strength increases due to loading combinations are
unreliable. Therefore, it is recommended that the increased shear capacity
due to compressive axial loads be neglected and, by the same reasoning, the
t educed capacity due to tension forces be included. Both assump .ions are
conservative. bue to the inherent strength of laced elements, reduction of
shear capacity fcr tensile axial loads is not normally necessary, except under
the most severe conditions. However, this strength reduction shculd always be
applicd for elements without shear reinforcement or for those elemcnts
utilizing stirrups as shear reinforcement,

4-18.3 Design of Shear Reinforcement

Whenever the ultimate shear stress Yy exceeds the shear capacity Vo of the

concrete, shear reinforcement must be provided to carry the excess, This
shear reinforcement car be either stirrups or lacing, depending upon the mag-
nitudges of the blast loading and support rotation permitted. Stirrups canr be
used only for elements designed to attain small deflections under flexural be-
havior. Lacing car also be used for elements designed to attain small deflec-
tions; however, lacing must pe used for elements designed tc attain large de-
flections. Therefore, stirrups may be used for elements with a type I, II, or
IIT cross section as long as the element is desigrned to attain small defllece-
tiors. An exception te this deflection criteria is for the particular case of
slabs subjected to tension membrane action. Here the slab can attain large
deflections, Lacing may be used for type II and III cross sccotions designed
for eithner cmall or large deflections. It would be grossly unwarranted to use
lacing for a type I cross section.

The required area of stirrups is calculated from:

A, = [(vu - VO)bSSS]/¢ fds U-26

while the required area of lacing reinforcement is:

_39_




b = width of concrete strip in which the diagonal tension
stresses are registed by stirrups of area Av

A, = L(vu - vC)bisgj 4~27 -

- To ‘

¢fds(51na osa) %

where;

Av = total area of stirrups or lacing reinforcement in tensjion X
within a width b, or by, and a distance s_or s
V. - Vv_ = excess shear stress i
U o] -
f:ﬁl
!

S a e aaid
vl el

b, = width of concrete strip in which the diagonal tension
stresses are resisted by lacing of area AV

S_ = spdcing of stirrups in the direction parallel to the
longitudinal reinforcement

3, = spacing of lacing in the direction parallel to the
longitudinal reinforcement

¢ = capacity reduction factor equal to 0.85

a = angle formed by the plane of the lacing and
the plane of the longitudinal reinforcement

The angle of inclination a of the lacing bars is given by

/2

oo o - =2BU=B): {[28C1=m1°-L(1-0)% A%308%- A%1) .

2[(1-B)° + %]

:-.;;ra‘ ) " ;

in which

= ~29

A Q.Q,/di 4~29a
2R, + d >
B — D 4290 s
dﬁ h
W
where g
d, = distance between centerlines of lacing bends measured normal i
Qa . . -
flexural reinforcemant Py
\’\‘.
Rg = radius of bend in lacing bars (min RQ = udb) §ﬁ
3
s
db = nominal diameter of reinforcing bar E%
AT ¥,
T
R
iy
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A typical section of a lacing bar illustrating the terms used in the above
equation, is shown in figure 4-15. To facilitate the design of lacing bars,
the angle o can be determined from figure 4-15,

h-18.4 Minimum Shear Reinforcement

In order to develop the full flexural capacity of a slab, a premature shear
failure must be prevented. Shear reinforcement must be provided to resist
shear stresses in excess of the capacity of the concrete. However, except for
slabs having a type I oross section or subjected to tension-membrane action in
the far design range, minimum shear reinforcement must always be provided to
insure the full development of the flexwual reinforceament and enable the slab
to attain large deflections.

Stirrups or lacing must conform to the following limitations Lo insure a prop-
er distribution of shear reinforcement throughout the element and, in specific
cases, Lo provide a minimum quantity of shear reinforcement.

1. The minimum design stress (excess shear stress vu - vc) used

to calculate the required amount of shear reinforcement, must
conform to the limitations of table 4-U,

2, When stirrups or lacing reinforcement is required, the area
A should not be less than 0.0015 bs Sq for stirrups or
0.6015 b959 for lacing.

3. When stirrups or lacing are provided, the required area Av is

determined at the critical section and this quantity of rein-
forcement must be wuniformly distributed throughout the ele-
ment.

4, Single leg stirrups should be used for slabs. At least one
stirrup must be located at each bar intersection,.

5. A lacing bar is bent from a single reinforcing bar. In one
direction, the lacing must be continuous across the slab be-
tween opposite supports. In all cases, the lacing must be
carried past the face of the support and securely anchored
within the support.

6. The maximum spacing of stirrups S is limited to d/2 for

Type I cross sections and d /2 for Type 11 and III sections,
but not greater than 24 incheés.

7. The maximum spacing of lacing s

is limited tod_or 24
. . . c
inches, whichever is smaller.

£

The spacing of stirrups and lacing i3 a function of the flexural bar gspacing.
Consequently, the above limitations for shear reinforcement should be consid-
ered in selecting the flexural bar spacing. Once selected, the flexural bar
spacing may have to be altered to suit the above limitations.
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N-19 Direct Shear Capacity
4-19.1 General

Direct shear failure of a member is characterized by the rapid propagation of
a vertical c¢rack through the depth of the member. This crack is usually lo-
cated at the supports where the maximum shear stresses occur. Failure of this
type is possible even in members reinforced for diagonal tension.

In order to prevent direct shear failure, diagonal bars must be provided at
the supports of sll slab elements. This type of reinforcement consists of in-
clined bars which extend from the support into the slab element.

4-19.2 Direct Shear Capacity of Concrete

For those elements wliose cross section conforms to type I, the concrete be-
tween the flexural reinforcement is capable of resisting direct shear stress.

The concrete remains effective because these elements are subjected to compar-
atively low blast 1loads and small support rotaticns. However, a portion of
the concrete is cracked at the supports due to the formation of plastic hinges
and, therefore, the depth of concrete available to resist direct shear is re-
duced. Because of this limited amount of cracking, mirimum diagonal bars
should be provided. Mirimum diegonal bar requirements are given below.

For those elements whose ¢ross section conforms to type II or type III, the
conncrete between tLhe (lexwal reianlorcement 1s severely coracked. This crack-
ing is caused bLy the transmission or high intensity blast loads through the
element and/or by large support rotatiors. This concrete is thereby incapable
of transferring the direct shsar «tresses produced by the blast load. Diag-
onal bars must be desigred to resist the total support shear produced by the
applied loading.

4-19,3 Design of Diagonal Bars

The required area of diagonal bars is determined from;
A, = VS b/fds sin o 4-30

where:
A, = total area of diagonal bars at the support within a width b
V_ = shear at the support of a unit width b

@ = angle formed by the plane of the diagonal reinforcement and
the longitudinal reinforcement

Equation 4-30 assumes that the diagonal bar is resisting the shear either in
tension or ecowpression. Where possible, it may be desirable to use both ten-
sion and compression bars at a given section to reduce the required area of
individual bars. Bars smaller than No. Y should not be used as diagonal rein-
forcement. The angle formed by the plane of the diagonal reinforcement and
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the plane of the longitudinal reinforcement should be equal to 45 degrees, In
addition, while it is prefera.le to use diagonal bars in conjunction with con-
crete haunches, the use of haunches is not mandatory. However, where condi-~
tions permit, haunches should be provided, particularly at close-in ranges
where high-blast pressures in corners are amplified by their refractions.

4-19.4 Minimum Diagonal Bars

Even though type 1 c¢ross sections are capable of resisting large direct shear
stress, minimum diagonal bars must be provided, These bars are designed to
resist the support shear force which will produce a concrete stress equal to
the ultimate shear (diagonal tension) capacity of concrete V- So that, for

Type 1 sections the minimum area of diagonal bars is given by:

Ad = vC bd/t‘ds sin a 4-31

For types II and III c¢ross sections, diagonal bars must be furnished to with-
stand the total support shear. However, in no case should the area of diag-
onal bars furnished be less than that given by equation 4-31 in which d is re-
placed by do'

4-20 Punching Shear

4-20.1 Ultimate Punching Shear Stress

When a flat slab is supported on a column or a column rests on a two-way slab,
failure occurs around and against the concentrated load, punching out a pyra-
mid of concrete from the slab. The ultimate shear stress v,’ @ a measure of
punching shear, is computed from:

v =N /bd 4-32
u u o'e
where:
Nu = the total concentrated axial load or reaction
bO = failure perimeter located at a distance a/2 from the
concentrated l1o4d or reaction area
de = either d or dC depending cn the type of crosa section

¥-20.2 Punching Shear Capacity of Concrete

The shear stress permitted for punching shear is limited to:

, 4172
v, = u(fdo) 4-33
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Equation 4~33 applies to circular columns and to rectangular columns with as- ;%”
pect ratios no greater than 2. For rectangular areas with aspect ratios g@»
greater than 2, the allowable value of v _ should be reduced according to the dﬁ$ 1?
ACI provisions (not listed in this text). ' ’i

Shear reinforcement is not permitted to increase the punching shear capacity
of a slab. If the ultimate shear stress v is greater than the stress per-
mitted for punching shear vc, the slab thicﬁness must be increased., In flat

8lab design, the use of a drop panel to increase slab thickness, and/or a col-
umn capital to increase failure perimeter, may be employed to prevent punching
shear failure. 1If a drop panel is used, punching shear must be checked at the
perimeter of the drop panel, as well as at tne top of the column.

h-21 Development of Reinforcement

4-21,1 General

In order to fully develop the flexural and/or axial load capacity of a con-
crete slab or wall, the full strength of the reinforcement must be realized.
AL any section along the length of a member, the tensile or compressive force
in the reinforcement must be developed on each side of the section by proper
embedment 1length. aplices (lapped or mechanical), end anchorage, or for ten-
sion only, hooks. AL a point of peak stress, this development length or an-
chorage 1s necessary on both sides of the point; or one side to transfer
stress into and on the other side to transfer stress out of the reinforcing
odr .

The types and locations of reinforcement anchorages are severely restricted
for blast resistant structures. These restrictions are necessary to insure
that the structure acts in a ductile manner. Typlical details for both conven-
tionally reinforced and laced reinforced concrete elements are given in latter
sections dealing with corstruction details. Conformance to these details
greatly simplifies the calculation of development lengths. The required de-
velopment lengths to be used in conjunction with the required typical details
are given below.

While conformance to the typical details given is mandatory, certain condi-
tions may preclude their use. For these unusual conditions, the required an-
chorages are calculated according to the procedures given in the ACI Building
Code. The basic development length is first calculated and then modified
based on the construction details employed to obtain the required end anchor-
age or splice length. This procedure is outlined in Sections 4-21.4 through
§-21.7. However, it must be repeated that the typical delails given must be
followed and any deviation from these restricticrns and requirements must be
carefully considered to insure proper structural behavior.

h-21.2 Provisions for Conventicnally Reinforced Concrete Elements

Typical details for conventiorally reinforced (non-laced) concrete elements
are given in subsequent sections, These details locate splices in reinforce-
ment at points of low stress., This permits the minimum length of lap splices,

as well as the development length for end anchorages, to be given by <
s




T4

By = 40 dp -3

where

id = development length

db = diameter of reinforcing bar

The value of ld shall not be less than 24 inches. Equation 4-34 applies for

end anchorage of #1U4 bars and smaller, and for lap splices of #1171 bars and
smaller since lap splices of #14 bars are not permitted.

Lap splices of reinforcement must not be located at critical sections.
Rather, they must be located in regions of low stress (inflection points)
where the area of reinforcement provided is more than twice the are=a of rein-
forcement required by analysis. In addition, not more than one-half of the
reinforcement may be spliced at one location. The splice of adjacent bars
must be staggered at least the required lap length of the bars since overlap
of splices of adjacent bars is not desirable. Under these conditions, the
required minimum length of lap splices is given in equation 4-34, If it is
impractical to locate splices at the inflection points, then the length «f the
splice must be calculated according to the provisions of Section #-21.4,

Typical details for intersecting walls and slab/wall intersections avoid the
use of end anchorage of the primary reinforcement, Rather, the reinforcement
is anchored by continuing it thrcugh the support and bending it into the
intersecting wall or slab. This reinforcement is then lap spliced with the
reinforcement in the intersecting wall.

4-21.3 Provisions for Laced Reinforced Concrete Elements

Tests of laced elements have indicated that if continuity of the lacing and
flexural reinforcemert is maintained throughout the element, the required de-
velopment length for end anchorage as well as the minimum length of lap
splices is given by equation 4-34, but not less than 24 inches. This equation
applies for end anchorage of #1U4 bars and smaller, and for lap lengths of #l1
bars and smaller since lap splices of #14 bars are not permitted.

Required construction details and procedures for laced reinforced concrete
elements are given in subsequent sections. These details must be followed to
insure the full development of both the concrete and reinforcement well into
the range of plastic action of the materials. The use of equation 4-34 to
obtain the required development lengths of the reinforcement is predicated on
the use of these details,

The typical detalls for laced reinforced conerete elements require that the
reinforcement (flexural as well as lacing bars) must not be spliced at criti-
cal sections but rather must be spliced in regions of low stress (inflection
points) where the area of reinforcement provided is more than twice the area
of reinforcement required by analysis. 1n addition, not more than one-quarter
of the reinforcement may be spliced at one loecation. The splice of adjacent
bars must be staggered at least the required lap length of the bars since
overlap of splices of adjacent bars is not desirable.
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Specific end anchorage details are required for lac2d reinforced concrete
walls and slabs to enable the reinforcement to attain its ultimate strength.
The preferred method of end anchorage is through the use of wall extensions
since this method presents the least construction problems. If architectural
requirements do not permit the use of wall extensions, the reinforcement is
anchored by continuing it through the support and vending it into the inter-
secting wall or slab. 1In this latter case, the reinforcement is developed by
a combination of anchorage and lap splice. In either case, the lacing extend-
ing into the supports provides the nacessary confinement which permits the use
of equation 4-34.

4-21.8 Development Length for Reinforcement in Tension

The basic development length for #11 bars and smaller which are in tension is
given by:

1/2

= 1 -

ld 0.04 Abfds/(fdc) 4-35a
but not less than:

ld = 0.00bNdb fdS 4~35b
where:

Qd = basic development length

Ab = area of reinforecing bar

db = diameter of reinforcing bar
The basic development length for #14 bars in tension is givern by:

L, = 0,085 ., /(£ )1/2 4-36

d ' ds de

The use of #18 bars is not permitted by this manual,

For top reinforcement, that is, horizcntal reinforcement so placed that more
than 12 inches of concrete is cast in the slab below the reinforcement, the
basic development length must be multiplied by 1,40. This provision applies
to horizontal slabs only. Walls with multiple runs of horizontal bars plus
vertical bars are not effected by this provision. In addition, the basic de-
velopment length of all bars may be multiplied by 0.80 if the bars are spaced
laterally at least six (6) inches on center. In rno case shall the development
length be less than 24 inches nor 40 times the diameter of the reinforcing
bar.

4-21.5 Development Length for Reinforcement in Compression

The basic development length for bars in compression is given by:

- 48 -

i
:

P
ooy o}

A
\ |

s i

'yt

* T,

RIS ST A RGeS AT B



-

LA

AN

1/2

— 1 -
2d = (.02 db fds/(fdc) 4-37a
nut not less than:;
Qd = 00,0003 db fds 4-37b

The development length for compression is not modified for top bars nor lat-
eral bar spacing. In no case shall the development length used be less than
twelve (12) inches.

Under dynamic load conditions, members are subject to 1load reversal or
rebound. Reinforcement subject to compressive forces under the primary load
may be subject to tensile forces under rebound. Consjideration must be given

to this stress reversal, since the Jdevelopment length of bars in compression
is less than the development length of bars in tension.

4-21.6 Development Length of Hooked Bars

The basic development length for bars in tension which terminate in a standard
90-degree or 180-degree hook is given by:

172

2 0.02 db fds/(féc) 4-38

dh ~
but not 1less than 8db or 6 inches, whichever is greater, The development
length for a hooked bar th is measured from the critical section along the
length of the bar to the end of the hook. That is, the length ldh includes

the straignt length of the bar between the critical section and point of tan-
gency of the hook, the bend radius and one bar diameter. The required hook
geometry as specified in the ACI Building Code is given in figure 4-16.

In the development of hooked bars, no distinetion is made between top bars and

other bars. llowever, since hooked bars are especially susceptible to concrete
splitting failure if the concrete cover is small, the above equation takes
into account the effect of minimum concrete cover. For #11 bar and smaller

with the cover not less than 2-1/2 inches, and for a 90-degree hook, with
cover on the bar extension beyond the hook not less than 2 inches, the devel-
opment length Zdh may be multipl:ied by 0.7.

Hooks are not to be considered effective in developing bars in compression,
However, in the design of members subjected to dynamic loads, rebound or load
reversal must be considered, That is, under the primary loading, reinfcrce-
ment is subjected to tensile foreces and anchored utilizing a standard hook,
but this same hooked reinforcement may be subjected to compressive forces
under rebound. Therefore, the straight portion of the hooked bar must be suf-
ficient to develop this compressive force. For those cases where 100 percent
rebound is encountered, the straight portion of a hooked bar must be equal to
the development length for bars in compression,
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§-21.7 ZLap Splices of Reinforcement

In blast resistant structures, reinforcing bars may be lap-spliced using only
contact l1lap splices; noncontact lap splices are not permitted. Lap splices
shall not be used for reinforcing bars larger than #11 bars, If #14 bars are
used, they must be continuous.

l.ap splices of adjacent parallel reinforcing bars must be staggered by at
least the length of the lap. The minimum length of lap for tension lap
splices depends upon the location of the splice. For blast resistant struc-
tures, it is strongly recommended that splices be located in regions of low
stress, where the area of reinforcement provided is at least twice that re-
quired. In such cases, the length of the lap is equal to the basic develop-
ment length %d for bars in tension as given by equation #4-35 or 4-36 and

modified, if applicable, for top bars and/or lateral snacing of the bars. 1In
other design situations where the lap splice is not located in regions of low
stress, the lap length is equal to 1.3 times the modified development length,

by -

The mirimum length of lap for compression lap splices is equal to the basic
development length Ed for bars in compression as given by eguation 4-37.

However, due to the occurrence of 1load reversal, it 1s recommended that the
length of lap splices be based in tension unless it can be shown that the re-
inforcement will always be in compression,

4-21.8 Mechanical Splices of Reinforcement

Mechanical devices may be used for end anchorage and splices in reinforce-
ment. These devices must be capable of developing the ultimate dynamic ten-
sile strength of the reinforcement without reducing its ductility. Tests
showing the adequacy of such devices under dynamic conditions must be per-
formed before these devices are deemed acceptable for use in hardened struc-—
Tures.,

v

A MK

¥

4-21.9 Welding of Reinforcement

Welding of reinforcement is to be avoided in blast resistant structures since
it results in a reduction of the ultimate strength and ductility of the rein-
foreing steel. In those cases where welding is absolutely essential, it may
be necessary to obtain special reinforcement manufactured wWith controlled
chemical properties. Tests showing the adequacy of the combination of weld
and reinforcing steel under dynamic conditions must be performed to demon-
strate that this welding does not reduce the ultimate strenghth and ductility
of the reinforcing steel. 1In lieu of these tests, welding is permitted if the
stress in the reinforcement is maintained at a level less than 90 percent of
the yield stress,

§-21.10 Bundied Reinforcing Bars

The use of bundled bars may be required for unusual conditions. However ,

their use is not desirable and should be avoided where possible. A 3 bar

. bunidle should bhe tie maximum bundle employed, The development length and lap

ﬂtﬁ splice length of individual bars withirn a bundie shall be that of the individ-
' ual bar inoreased 20 percent for a 2 bar bundle and 33 percent for a 3 bar
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bundle. In addition, splices of the individual bars within a bundle should be
staggered. That is, only one bar of the bundle should be spliced at a given %Eg
location.

g 2

l"’l»

s
i 4

PESIGN OF NON-LACED REINFORCED SLABS

§-22 Iintroduction

Conventional reinforced concrete elements are for the purpose of this manual, !

members without lacing. These non-laced elements make up the bulk of protec- Ny

tive concrete construction. They are generally used to withstand the blast o
k

and fragment effects associated with the far design range but may also be de-
signed to resist the effects associabted with the close-in design range. In

EE$1;1

the latter case, the distance between the center of the explosive charge and B
the element must not be less than that corresponding to a scaled distance 2 33
equal to 1,0, Laced elements are required for scaled distances less than Y
1.0. Non-laced elements may be designed to attain small or large deflections :M
depending upon the protection requirements of the acceptor system. E%

al

A non-laced element designed for far range effects may attain deflections cor-
responding to support rotations up to 2 degrees under flexural acticn. Single
leg stirrups are not required to attain this deflection. However, shear rein-
forcement is required if the shear capacity of the concrete is not sufficient
to develop the ultimate flexural strength. A type 1 aross-section provides

-
> 4
[ 3

-
Id
N A

.
I! A{\"": 2

o
t 3

the ultimate moment capacity. The flexural action of a non-laced element may e

be increased to 4 degrees support rotation if single leg stirrups are provided A4

to restrain the compression reinforcement, 1In this deflection range, a type Q&

IT cross-section provides the ultimate moment capacity and mass to resist L1

motion. )
v_"-:

Sirgle leg stirrups must be provided when a non-laced element is designed to ;ﬁ

resist close-in effects. The shear reinforcement must be provided to pravent k

local punching shear failure, When the explosive charge is located at scaled PQ

distances less tharn 1,0, a laced rather than a non-laced element must be 5§

employed. For scaled distances greater thar 1.0 but less thap 3.0, single leg
stirrups must be provided, while for scaled distances greater than 3.0, shear
reinforcement should be used only if required by znalysis. With single leg
stirrups, the member may attain deflections corresponding to support rotations

Al

up £o 4 degrees under flexural action. A type I and II cross-section provides S
the ultimate momert capacity and mass to resist motion for elements desigred ?ﬁ
for 2 and 4 degrees support rotation, respectively., If spalling occurs then a -
type III oross-section would be available. In addition, a non-laced element \$
designed for small deflections in the close-in design range is not reusable &E
and, therefore, cannot sustain multiple incidents. i;

[ \‘
A ron-laced reinforced clement may be designed to attain large deflections, ;%
that is, deflections corresponding to incipient failure. These inareased e
deflections are possible only if the element has sufficient lateral restraint {p

to develop in-plane forces. The clement may be designed for both the close-in
and far design range. A type ILI cross-section provides the ultimate moment
capacity and mass to resist motion. "y
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The design of nron-laced reinforced elements subjected to a dynamic lcad in-
volves an iterative (trial and error) design procedure. An element is assumed
and its adequacy is verified through a dynamic analysis. The basic data
required to determine the ultimate strength of the reinforced concerete section
has been presented 1in previous sections. Procedures to determine the
resistance-deflection function used for design, the dynamic properties or the
section, and the dynamic analysis required to determine an element's response
is presented in Volume III. This 3ection contains additional data needed to
establish the resistance-deflection curve for design as well as procedures to
design the element for shear.

The interrelationship between the various parameters involved in the design of
ron-laced elements is readily described with the use of the idealized resis-
tance-deflection curve gshown in figure U4-17.

4-23 Distribution of Flexural Reinforcement

y-23.1 General

A prime factor in the design of any facility is construction economy. Proper
selection of concrete thickness and reinforeing steel will result in a design
having optimum capacity and minimum cost. To determine the optimum design of
any particular two-way structural element, consideration must be giver to: (1)
there is an ideal distribution of the flexural reinforcement which will yield
the greatest blast capacity for a given total amount of reinforcement, and (2)
there is an ideal relationship bhetween tne quantity of reinforcement to the
quantity of conerete which will result in the minimum cost of an elemeint.

4-23,2 Optimum Reinforcement Distribution

For a given total amount of flexural reinforcement and & given concrete thick-
rness, the dynamic capacity of an element varies with the amount of reinforce-
mer:it placed in the vertical direction to the amount in the horizontal direc-
tion., For a given support corndition and aspect ratio L/H, the ideal distribu-
tior of the reinforcement will result in the most efficient use of the rein-
forcemert by producing the greatest blast capacity.

The optimum distribution of the reinforcement for a two-way element is that
distribution which results in positive yield lines that bisect the 90 degree
angle at the corrers of the element (45 degree yield lines). For two-way ele-
ments there are numerous combinations of support conditions with various mo-
ment capacities due either to quantity of reinforcement provided or degree of
edge restraint as well as various positive moment capacities again due to var-
iations in the quanrtity of reinforcement provided. Due to these variations in
possible moment capacities, the ratio of the vertical to horizontal reinforce-
ment canniot be expressed as a function of the aspect ratio L/H for different
suppurt conditions. Figures 3-1 through 3-20 must be used to determine the
moment capacities which will result in a "U5 degree yield line". The rein-
forcemert can then be selected from these moment capacities,

In some design cases, it may rot be possible to furnish the optimum distribu-
tion of reinforcement in a particular element. One such case would be where
the optimum distribution violates the maximum or minimum ratio of the vertical

to horizontal reinforcement Asv/ASH of 4.0 and 0.25, respectively. A second
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Figure 4-17 Relatioaship between design parameters for unlaced elements
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situation would arise when the optimum distribution requires less than minimum
reinforcement ir one direction. The mosat common case would result from the
structural configuration of the building in which support moments may not be
fully developed {(restrained support rather than fully fixed) or from the need
of maintaining continuous reinforcement from adjacent elements. In these and
other situations where the optimum distripution of the reinfercement cannot be
provided, the reinforcement should be furnished to give a distribution as
close as the situation allows to the optimum distribution to mairtain an econ-
omical design.

4-23.3 Optimum Total Percentage of Reinfcorcement

The relationship between the quantity of reinforcement to the quantity of con-
crete which results in the minimum cost of an element may be expressed as a
total percentage of reinforcement. This total percentage of reinforcement
pt is defined as
= 4
Fr =Py * Py 39
where pV and pH are the average percentages of reinforcement on one face of

the element in the vertical and horizontal directions, respectively. Based on
the average costs of concrete and steel, the optimum percentage for a non-
iaced reinforced element using single leg stirrups has been determined Lo be
between 0.6 and 0.8 percent with 0.7 a reasonable design value. For elements
which do not contain shear reinforcement, thz optimum percentage would be
scmewhat higher., For large projects, a detailed cost analysis should be per-
formed to obtain a more ecoromical design.

In some design cases, it may be desirable to reduce the ccnerete thickness be-
low the optimum thickness. A small lncrease in cost (10 percent ) would be in-
curred by increasing the value of Py to one percent. Beyond one percent, the

cost increase would be more rapid. However, except for very thin elements, it
may be impractical to furnisn such large quantities of reinforcement, In
fact, in thick walls it may be impractical to even furnish the optimum per-
centage,

Unless single leg stirrups are reguired for other than shear capacity such as
for close-in effects or to extend flexural action in the far desigr range from
2 to 4 degrees support rotation, it is more economical to design ron-laced el-
ements without shear reinforcemenrt. In this case, the total percentage of re-
inforcement must be limited so that the ultimate resistance of the element
does not produce shear stresses in excess of the concrete capacity.

h-24 Flexural Design for Smail Deflections

The design range for small deflections may be divided into two regiorns;
elements with support rotations less than 2 degrees (limited deflections) and
support rotations between 2 and 4 degrees. Except for stirrup requirements
and the type of cross-section available to resist moment, the design procedure
is the same.

Irn the flexural design of a non-laced reinforced cconcrete slab, the opltimum
distribution of the flexural reinforcement must {irst be determined. A 45
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degree yiwld lire pattern is assumed and, based on the support conditions and
aspect ratio, the ratio of the vertical to horizontal moment capacities are
determined from the yield line location figures of Volume III,

Reinforcing bars and a concrete thickness are next c¢hosen such that the dis-
tribution of reinforcement is as close as possible to that determined above
and such that the total reinforcement iatio pT is approximately 0.7 for ele-

ments utilizing stirrups. For those elements not utilizing shear reinforce-
ment Pt is minimized so that the shear capacity of the concrete is not ex-

ceeded. Using the equaticns of previous sections (eg. 411 for type I cross
sections, eq. 4-19 for type II or IlI cross-sections) the moment capacities
are computed. The moment capacities are reqguired to calculate the ultimate

unit resistance " and the equivalent «elastic deflection XE . These

parameters along with the natural period of vibration TN define the

equivalent single-degree-of-freedom system of the slab, and are discussed in
detail in Volume III.

A dynamic analysis (see Section 4-26) is then performed to check that the siab
meets the response criteria. Lastly, the shear capacity is checked (Section

~27). If the slab does not meet the respense criteria or fails in shear (or
is greatly overdesigned) a new concrete section is assumed and the entire de~
sign procedure is rapeated.

h-25 Design for Large Deflections
}-25.1 Introduction

Design of ronrn-laced reinforced concrete elements without shear reintorcement
(single leg stirrups) for support rotations greater than 2 degrees or elements
with single leg stirrups for support rotations greater than 4 degrees depends
on their capacity to act as a tensile membrane. Lateral restraint of the
clement. must be provided to achieve this action. Thus, If lateral restraint
does not exist, tensile membrane action is not developad and the elemant
reaches incipient feilure at 2 degrees (4 degrees if adequate single leg
stirrups are provided) support rotation. However, if 1lateral restraint
exists, deflection of the element induces membrane actjion and Lr~-plane
forces. These in-plarne forces provide the means for the element to continue
to develop substantial resistarce up to maximum support rotations of
approximately 12 degrees.

4-25.2 Lateral Restraint

Adequate lateral restraint of the reinforcement is mandatory in order for the
element to develop and the designer to utilize the benefits of tensile mem-
brane behavior. Sufficient lateral restraint is provided if the reinforcement
is adequately anchored into adjacent supporting members capable of resisting
the lateral force induced by tensile membrane action,

Tensile membrare behavior should not be considered in the design process un-
less [ull external lateral restlraint is provided in the span directions shown
in table 4-5. Full external lateral restraint means that adjacent members can
effectively resist a total lateral force equivalent to the ultimale strength
cf all continuous reinforcement in the element passing the boundary identified
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Table 4-5 Restraint and Aspect Ratio Requirements for Tension
Membrane Behavior
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by the arrows in table 4~5, External lateral restraint is not required for
elements supported on four edges provided the aspect ratio L/H is not less
than one-half nor greater than 2. Within this range of L/H, the inherent lat-
eral restraint provided by the element's own compression ring around its boun~
dary is sufficient lateral restraint to develop tensile membrane behavior.

4-25.3 Resistance-Deflection Curve

A typlcal resistance-deflection curve for laterally restrained elements is
snown in figure 4-18. The initial portion of the curve is due primarily to
filexural action. If the lateral restraint prevents small motions, in-plane
compressive forces are developed., The increased capacity due to these forces
is neglected and is not shown in figure U-18, The ultimate flexural
resistance is maintained until 2 degrees support rotation is produced. At
this support rctation, the concrete begins to crush and the element loses
filexural capacity. If adequate single leg stirrups were provided, the
Flexural actiocn would be extended to 4 degrees. However, due to the presence
of continuous reinforcement and adequate lateral restraint, tensile membrane

action 1s developed. The resistance due to this action increases with
increasinrg deflection up to incipient failure at approximately 12 degrees
support rotation. The tensile membrane resistance is shown as the dashed

line in figwe 4-18,

In order to simplify the design calculations, the resistance is assumed Lo be

~due to flexural acticn thlroughout the entire range of bzhavior. To approxi-

mate the energy abscrbed under the actual resistance-deflection curve, the de-

lection of the idealized curve 15 limited to 8 degrees support rotation. De-
sign for this maximum deflection would produce incipient failure conditions.
Using this equivalent design curve, deflections between 2 degrees (or U
cegrees if single leg stirrups are provided) and incipient failure cannot be
accuwrately predicted.

For the design of a non-laced laterally restrained element for 8 degrees sup-
port rotation, a rvype II1 cross—-section is used to compute the ultimate moment
capacity of the section as well as to provide the mass to resist motion. The
stress in the reinforcement fds would be equal to that corresponding to sup-
port rotaticns 5 2 Om 2 12 given in table 4-2. At every section throughout
the element, the tension and compression reinforcement must be continuous in
the restrained direction(s) in order to develop the tensile membrane action
which is discussad in detail below.

425,34 Uitimite Tensile Membrane Capacity

As can be seen ipr figure 4-18, the tensile membrane resistance of an <element
is a function of the elementfs deflection. 1t is also a function of the span
length and the amount of continuous reinforcement. The tensile membrane re-

sistance, PT of a laterally restrained element at a deflection, X, is ex-

pressed as;

For onc-way elements
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Figure 4-18 Idealized resistance-deflection curve for large deflections
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n=1,35 n cosh (=) ]
2L T
X
in which
= 4-42
Ty (As)yfds
and
= u‘u
Tx (As)xfds 3
where
PT = tensile membrane resistance
X = deflection of element é%;
Ly = ¢lear span in short direction
Lx = clear span in long direction
Ty = force in the continuous reinforcement in the short direction
Tx = force in the continuous reinforcement in the long direction
Ty = force in the continuous reinforcement in the short direction
(AS)y = continuous reinforcement in the short direction
(As)X = continuous reinforcement in the long direction

Even though the capacity of a laterally restrained element is based on
flexural action, adequate tensile membrane capacity must be provided. That
is, sufficient continuous reinforcemeni must bte provided so that the tensile
mambrane resistance rT corresponding to 8 degrees support rotaticon must be

greater than the flexural resistance ry -~ The deflection is compuled as a

function of the yield line locations (shortest sector length). The force in
the continuous reinforcement is caloulated using Lhe dynamic design stress

fds corresponding to 8 degrees support rotation (table 4-2).
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§-25.5 Flexural Design

Since the actual tensile membrane resistance defiection curve is replaced with
an equivalent flexural curve, the design of a non~laced clement for large de-
flections is greatly simplified. The design is performed in a similar manner
as for small deflections. However, sufficient continuous reinforcement must
be provided to develop the required tensile membrane resistance. Where exter-
nal restrain is required, the support must withstand the lateral forces T
and Txas given in equations 4-42, and 4-43, respectively. y

4-26 Dynamic Analysis

§-26.1 Design for Shock Load

The dyramic analysis of a slab is accomplished by first representing it as a
single-degree-of-freedom system and then finding the response of that system

when subject to a blast load. The equivalent single-degree~of-freedom system
is defined in terms of its ultimate resistance Py equivalent elastic de-

flection XE and natural period of vibration TN . The wultimate unit
resistance is calculated from the equations of Volume III for the moment
capacities determined according to the previous sections. The procedures and

parameters necessary to obtain the equivalent elastic deflection and natural
period of vibration can also be found in Volume III.

For elements subjected to dead lcads in the same direction as the blast loads
(for example a roof or retaining wall exposed to an exterior explosion) the
resistance available to withstand the blast load is reduced. An approximation
of the resistance available is

fds
Pavail = "o~ ToulF ) H-hi
dy
where
r ., = dyramic resistance available
dvall
IDL = uniform dead load

Volune II describes procedures for determining the dynamic load whieh is de-
fined by its peak value P and duration T. For the ratios P/ru and T/TN ,

the ductility ratio xm/x and tm/T car. be obtained from the response charts

E
of Volume III. These values, Xm which is the maximum deflection, and tm ’

the time to reach the maximum deflection, define the dyrnamic response of the
element .,

The effective mass and the stiffness used in computing the natural period of
vibration TN depends on the type of cross section and load-mass factor used,

both of which depend on the rarge of the maxiwm deficction. When t e deflec-
tions are small (less than 4 degrees) a type I or type IT aross ssation is
used. The mass is calculated using the entire thickness of the conorete ele-
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ment Te‘ The spalling that occurs when an element acts under tensile mem-
brane behavior or which may occeur due to close-in effects requires the use of

a type III cross section to resist moment. Since the concrete cover over the
flexural reinforcement i1s completely disengaged, the mass is calculated based
on the distance between the centroids of the compression and tension
reinforcement.

When designing for completely elastic behavior, the elastic stiffness is used

while, in other cases, the equivalent elasto-plastic stiffness KE is used.

The elastic value of the load-mass factor KLM is used for the elastic range

while, in the elasto-plastic range, the load-mass factor is the average of the
elastic and elasto-plastirc values. For small plastic deformations, the value

of KLM is equal to the average of the equivalent elastic value and the plas-

tic value. The plastic value of K

is used for slabs designed for large
. ) M
plastic deformations,

L

Due to the large number of variables involved in the design of non-laced
reinforced elements, design equations have not been developed. However ,
design equations have been developed for laced elements subjected to impulae
loads and are presented in subsequent sections of this volume. Use of these
procedures for the design of non-laced elements subjected to impulse loads
will result in a variety of errors depending upon support conditions,
thickness of the concrete section, quantity and distribution of the flexural
reinforcement, etc. However, these procedures may be used Lo oblain a trial
section which then may be analyzed as described above.

4-26.2 pesign for Rebound

Elements must be designed to resist rebound, that is, the damped elastic or
elasto-plastie harmonic mction which occurs after the maximum positive
displacement X, has been attained. When an element reaches X, the resistance
is at a maximum, the velocity is zero, and its deceleration is a maximum. The
element will vibrate about the blast load curve (positive and/or negative
phase) and/or the zero line (dead load for roofs) depending on the time to
rcach maxium defiection to and tnhe duration of the blast locad T.

Usually only those elements with a type I cross-section will require
auaditional reinforcement to resist rebound. Additional reinforcement is not
required for type II and II1 oaross-sections since these sections have equal
reinforcement on opposite faces and the maximum possible rebound resistance is
equal to the ultimate (positive) resistance. However, the supports for all
types of cross-sections, including the ancheorage of the reinforcement
(compression reinforcement wunder positive phase 1loading is subjected to
tension forces under rebound conditions) must be investigated for rebound
(negative) reactions, Also, it should be noted that the support conditions
for rebound are not always the same as for the positive load.

The negative resistance r , attained by an element when subjected to a
triangular pressure-time load, is obtained from figure 3-268& orf Volume IIIL.
Entering the figure with the ratios of Xm/XE and T/TN, previously determined
for the positive phase of design, the ratio of the required rebound resistance
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to the ultimate resistance r_/r'u is obtained. The element must be reinforced

to withstand this rebound resistance r Lo insure that the slab will remain
elastic during rebound. However, in some cases, negative plastic deformations
are permissible.

The tension reinforcement provided to withstand rebound forces is added to
what is the compression zone during the initial loading phase. To obtain this
reinforcement, the element is essentially designed for a negative load equal

to the calculated value of r . However, in no case shall the rebound
reinforcement be less than one-half of the positive phase reinforcement. The
moment capacities and the reboind resistance capacity are calculated using the
same equations previously presented. Note that while dead load reduces the
available resistance for the dynamic 1loading, this 1load increases the
available resistance for rebound.

4-27 Design for Shear
4-27.1 General

The ultimate shear Vu at any section of a rlexural element is a function of

its geometry, yield line location and unit resistance r. For one-way or two-
way elements the ultimate shear is developed when the resistance reaches the
wWtimate unit value Pu' In the design of a concrete element, there are two

eritical locations where shear must be considered. The ultimate shear stress
vu is calculated at a distance d or do from the supports to check the

diagonral tension stress and to provide shear reinforcement (stirrups) 1is
necessary. The direct shear force or the ultimate support shear VS is

caiculated at the face of the support to determine the required quantity of
diagonal bars,

4-27.2 Ultimate Shear Stress at de from the Support

U-27.2.1 One-wWay ~Elements. The ultimate shear siresses Vi at a distance
de from the support are given in table 4-6 for one-way elements. Depending
uponn the cross section tLype being considered, de can represent either d or
do. For those cases where an element does not reach its ultimate resistance

- is replaced by the actual resistance r attained by the element. For those
members whose loading causes tension in their supports, the ultimate shear
stress is caleculated at the face of the support. For those cases, the ulti-
mate support shear V is calculated as explained in the next section, This
shear is then divided by the effective cross-sectional area (bd or bd ) of
the eilement to obtain the ultimate shear stress. ¢

§-27.2.2 Two~-Way Elements. For two-way e€lements the ultimate shear stress

must be calculated at each support. The shears acling at each section are
calculated using the yield line procedure outlined in Volume III for the de
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Table 4-6  Ultimate Shear Stress at Distance d, from Face of Support

for One-Way Elements

Edge Conditions and Looding Diagrams

ULTIMATE S\l/'!EAR STRESS
u

(5 -dg)

f L I? de
! - -
p
v Ry
2de

LEFT SUPFORT ru(%-de)/'de

RIGHT SUPPORT ry (%" -de)/dg

L/2 L/2

LEFT SUPPORT  —hu
16de
SRy
RIGHT SUPPORT m

ru (% "de)

!L L X de
P
4 R
— Ry
T‘ L2 | /2 2de
’:mm ry (L-de)
L N de
IP R
u
’L L J de
' P/2  |P/2
v v Ry
L/3 1 L/3 | L/3 2de
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termination of the ultimate resistance ru. Because of the higher stiflness

at the corners, the shear along any section parallel to the aupport varies.
The full shear stress V acts along the supports except in the corneéers where
only 2/3 of the shear stress is used (fig. 4-19). Since the shear is zero
along the yield lines, the total shear at any section of the sector is equal
to the resistance ru times the area between the section being considered and

the positive yield linec.

To iilustrate this procedure, consider a two-way element, fixed on three sides
and rree on the rfourth, with the yield line pattern as shown in figwe 4-19.

For the triangular sector I, the shear Vdv and shear stress vuv at distance
d.  from the support is
© d i d L
2y (Lo__e L ey Ly (kL
3 dv 4 2y 4 2y dv 2 4~y 5a
~d dL
S Ty P -
u 2 y
de 2
3ruy(1 - —)
Vdv = ———~———a;——— L-ys5p
(5 -~ u =)

and since the shear stres

&

A is equal to V/bde and b equals one inch

S S AN 4-46

For the trapezoidal sector II

2 y 2d,y y
3 Van's T Tt Vg - D)
2d y
L 1 . _ e
-IU(E de)—2~(H—y+u L)
4~Y7a
2dpy
I (L-2d)2 -y - -
o.Ml el L 4=u7b
dH 8dey ’

2(6H—y—T)
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Figure 4-19 Determination of ultimate shears
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Values of the ultimate shear stresses VuH and Vv at a distance de fron the

support for several two-way elements are given in table 4-7. As stated above,
d, represents either d or dC, depending upon the type of cross section being
considered. The ultimate shear stress is calculated at the face of the
support for those members whose loading condition causes tension in their
supports. For these cases, the ultimate support shear V is calcuiated as
explained in the next section. This shear i3 then divided by the effective
cross-sectional area (bd or de) of the element to obtain the ultimate shear
stress v.

For the situations where the ultimate resistance of an elanent. is not at-
tained, the maximum shear stress is 1less than the ultimate value. However,
the distributicn of the shear stresses is assumed Lo be the same and, there-
fore, the shear stresses can be calculated from the equation of table 4-7 by
replacing r  with the actual resistance attaired (ra P op’ eta.).

4-27.3 Ultimate Support Shear

See Volume III, for procedures used to calculate the ultimate shears of both
one-way and two-way elements.

DESIGN OF FLAT SLABS
4-28 Introduction

The typical unhardened flat slab structure consists of a Lwo-way slab sup-
ported by c¢columnrs. Except for edge beams which may be used at the exterior
aedge of the slab, beams and girders are not used to transfer the lcads into
the colunrs. In this case, the columnns tend Lo purnch upward through the slab.
There are several methods that can be used to prevent this; the upper end of
Lhe colunmn can be énlarged oreating a4 column capital, a drop panel can be
added by thickening the slab in the viecinity of the column, or both a column
capital and a drop parnel may be used.

Hardened flat slab structures may be designed to withstand the effects associ-
ated with a far range explosion. The flat slab of a hardened structure is
similar t¢ an unhardened slab but for a hardened flal slab structure, the ex-
terior supports must be shear walls which are monclithic with the roof. The
shear walls transmit the lateral loads to the foundations. Due Lo the stiff-
nese of the walls, there i3 negligible sidesway in the columns and hence no
irduced moments due to lateral loads. Shear walls may also replace a vrow of
interior colunns if additioral stiffrness is required. FEarth cover may or may
not be used for hardened flat slab structures,

A portion of a typical hardened flat slab strusture 1s shown in figure 4-20.
As depicted, there are generally four different panels to be considered, in-
terior, corner and two exterior, cach of which has a different stiffness. The
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exterior panels are designated as short and long span panels which refers to & .
the length of the span between the columns and the exterior wall., In the typ- :
ical flat slab, the reinfcrcement would be distributed according to elastic SN E
theory. The elastic distribution of the flexural stresses is approximated by i b
the methods presented in the ACI Building Code. The static design must meet
all of the criteria of the code as well a3 of all applicable l1ocal codes. 2
&
However, for blast resistant structures, certain design oriteria are more re- 4
strictive than those given in the ACI Building Code. To ensure two-way action
in the slab, the aspect ratio L/H of each panel must be greater than 1 but
less than 2. While the ACI code permits unequal span lengths and offset col- 3
umns, it is strongly recommendecd that offset columns not be used and the vari- \
ation in span lengths be limited to 10 percent. Columns and column capitals :}
may have either a round or square cross gection, but round columns and capi- :. :
tals are preferred to avoid shear stress concentrations. It is also recom- N
mended that haunches be provided at the shear walls. g
X
Flat slabs may be designed to attain limited or large deflections depending
upon the magnitude and duration of the applied blast loads and the level of '-<
prctection required by the acceptor system. Under flexural action alone, the A
slab may attain deflections corresponding to 2 degrees support rotation. The LI
flexural action may be extended to U degrees rntation if single leg stirrups “i
are added to restrain the flexural reinforcement. If sufficient continuous i
fiexural reinforcement is provided, the slab may attain 8 degrees support ro- F
tation through tension membrane action. Unless required for shear, single leg \_
stirrups are not required for the slab to achieve support rotations less than :
2 degrees nor tepsior membrane action. Tnhe stress in the reinforcement as well A
as the type of cross section used to determine the ultimate moment capacity of i ;\\'
the reinforced conarete is a function of the maximum deflection. L~ &
talp
The basic data required for determining the ultimate strength of the rein- t
forced concrete, including the ultimate moment capacity and the ultimate shear
capacity, have been presented in previous sections. Procedures for pzrforming Oy
the dynamic analysis are presented in Volune I1L. Only modificatiors and ad- t
ditions relating to flat slabs are presented in this section. The interrela- :
tionship between the varicus parameters involved in the design of flabt slabs XN
is readily described with the use of the idealized resistance-deflection curve )
shown in figure 4-21. i
h
4-29 Distribution of Flexural Reinforcement o
4-29.1 General S
For a two-way slab continuously supported on its edges, the flexural stresses :'f"
are distributed uniformly across the entire slab {except for the reduced :
stresses al the corners). The flexural stresses in a flat slab supported by '
wialls and columns are distributed from one panel to the next depending on the ¢

iy relative stiffness of the supports and the spans of the panels. Flat slabs
also distribute the flexural stresses transversely, concentirating the stresses
;:- in the vicinity of the column. A uniform distribution of reinforcement would
T result in a failure due to local "fan" yield lines around the columns at a
- relatively low resistance. By concentrating the reinforcement over the aol-

- unns, a higher ultimatce resistance is obtained.
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Relationship between design parameters for flat slabs
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An elastic distribution of reinforcemant is required ir the design procedure
presented in this Manual. This distribution will insure the formation of a
predictable collapse mechanism. Local failures around the columns, and one-
or two-way tolding (local one~way actlon); will be prevented. With an elastic
distribution of reinforcement, the yield lines form simultaneously across the
entire slab. In addition, the design will be more economical and cracking
under service loads will be minimized.

§-29,2 FElastic Distribution of Moments According to the ACI Building Cude

Procecures outlined in the ACI Building Code are employed to determine the
elastic distribution of the reinforcement {(and hence of the moments). The
Coue presants two design methods, namely the Direct Design Method and the
Equivalent Frame Method. The Equivalent Frame Method may be used for all flat
slab configuraticns whereas the Direct Design Method can only be vused for
three or more spans. Since the Direct Design Method requires fewer calcula-
‘tions, it is the preferred method and is discussed in detail in this section.

For the typical flat slabs with continuous exterior walls and L/H > 1, the
column strips are H/2 in width in each direction. A wall strip is parallel
and adjacent to an exterior wall and its width is H/4, The remaining portions
of the slab are called middie strips.

Usirg the Direct Design Method as given in Chapter 13 of ACI 318-77 the mo-
ments are distributed taking into account the relative flexural and torsional
stiffresses of the wall, =lab and beams. Assuminrg there are no beams or in-
terior shear walls, the ratic of the flexural stiffrness of the bheam section to
thz slab section o , is zerov. The torsional resistance of a concrete wall
monolithic with the slab is very large and, therefore, the torsionrnal stiffness
ratio of the wall to the slab Bt may be assumed {0 bhe greater than 2.5.

The ratic of the flexural stiffiess ¢of the excerior wall ard the flexural
stiffness of the slab is defined as:

quIw/Hw 449

ec LEE 1 /%
cC 38 S

“ﬁ%ﬁ“'.:‘51‘
T S e e

where
%o = ratio of the flexural stiffness of the exterior wall to slab
Iw = gross moment of inertia of wall N
'
I, = gross moment of inertia of slab Ek;ﬁ
H, o= height of wall giiﬁ
: "‘L\', b
L = span of flat slab panel Lmhﬁ
S ® i
In direction H, equation 4-49 becomes Eﬂ_ﬁ
NS
Tw3H h*?”
= . 4-50 SN
anH —3 gygf
T s Hw LK ks
o e
Y . . t}h:\.‘ ,‘.'.“" N)._!
and in direction L e p;\;ﬂ
R
:‘-:"—::!
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A,

where

[ "

The unit column and midstrip moments are proportioned from the total span mo-
ments. The distributions percentages for a flat slab with equal spans in each

)

thickness of wall

short span of flat slab panel
thickness of fiat slab

long span of flat slab panel

direction is as follows (see fig. 4-22):

For Direction

[118

Mg

in which

!

H:

OH

0.65 M. /L

t
O"ecH OH/

0.40 (0.63 - O.2§ aé ) MOH/(L ~ 11/2)

cH

T -~ -
0.25 (0.75 - 0.10 aé ) MOH/(L H/2)

cH
0.25 (0.65) MOH/LL~H/2)
0.40 (0.35) MOH/(L-H/Z)

fa ,
0.60 (0.63 0.28 4 o H/(H/2)

0 Mo
[~ [~
0.75 (0.7% - 0.10 aécﬁ) MOH/(H/Z)

0.75 (0.65) MOH/(H/Z)

= 0.50 (0.35) MOH/(H/Z)
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1

' e —— -
Y%ecH T T + (/a0 4-62

and

R CcH <
o
. ot

MOH = total panel mement for direction H ;g

W = applied uniform load b5

!_'_:J
¥

0
It

width of column capital

For Direction L:

= 5 at M -6
ey 0.65 el 1OL/H 4 §3
+
= - i d -
my 0,40 (0163 0.28 aeoL) MOL/(H/2) L-64
m, = 0.25 (0.75 - 0.10 aecL) MOL/(H/c) 4-65
m1_3 = 0.25 (0.65) MOL/(H/2) 4-66
& my, = 0.40 (0.35) M /(H/2) 4-67
= 5 - ' ¢ p =
m, ¢ 0.60 (0.63 0.28 aeoL) MOL/(H/Z) 4-68
Mg = 0.75 (0.75 = 0.10 al ) My /(H/2) 4-69
m, = 0.75 (0,65) 1,/ (H/2) =70
+
mg = 0.60 (0.35) MOL/(H/2) 4-7
in which
. 2
. _ wH (LL—C) 75 .
y Moy, = 8 =72
b and : g;
a'! = e < 4-73 i
E ecl, 1 ~+“—('1/cztecL) 1‘
: \
. where My, is the total panel moment for direction L. LE
N .
l‘
1 For the wall strips in both directions the same reinforcement as in the adja- §Q
cent middle strips is used, At the column, %Yhe larger of the two negative mo- Eﬁ
$§§ ments is chosen and the posigive mament can thern be adjusted up to 10 percent 4
= so that the total panel moments remain unchanged. '&

e
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%-29.3 Design for Small Deflections

The resistance-deflection function for flat slabs with small deflections is
shown in figure 4-23a. With an elastic distribution of reinforcement all the
yield lines form simultaneously and the slab remains elastic until it reaches

its ultimate resistance. Since for small deflections the conecrete remains
effective in resisting stress, a type I cross section is used to compute the
ultimate moment capacities., The slab may undergo a maximum support rotation

of 2 degrees at which point the conacrete crushes. Shear reinforcement 1is
generally not required for flat slabs, but must be provided if required by
analysis. If properly designed, single leg stirrups are provided, the

flexural action of the slab ray be extended to 4 degrees support rotation.
While stirrups may be furnished to resist shear or to extend flexural action,
it is wusually more cost effective to design flat slabs without shear
reinforcement . '

4-29.4 Design for Large Deflections

Due to the geometric limitations <{(asnect ratio L/H of each panel must be
greater than 1 but less than 2) imposed on flat slabs designed for blast
loads, sufficient lateral restraint is available to develop in-plane forces
and induce tension membrane action. This tension membrane action provides the
means for the slab to attain deflections corresponding to a maximum support
rotation in excess of 12 degrees. Continuous reinforcenent must be provided
to resist these in-plane tension forces.

A typical resistance~deflection curve for the flat slabs up to incipient fail-
ue is shown in figure 4-23b. The initial portion of the cuve is due primar-
ily to flexwal action. At 2 degrees support rotation, the concrete begins to
crush and the slab loses flexural capacity. However, due to the presence of
continuous reinforcement, tension membrane action 1s mobilized. The resis~
tance due Lo this action increasées with increasing deflection up to incipient
failure at approximately 12 degrees support rotation, The fension membrane
action is shown as the dashed lire in figure 4-23b,

In order to simplify the design calculations, the resistance is assumed to be
equal Lo Lhe rlexural action throughout Lhe eniire range of venavior. To
approximate the energy absorbed under the actual resistance-deflection curve,
the deflection of the equivalent curve is limited to & degrees support rota-
tion, This deflection would produce incipient failwe conditions. Using this
equivalent design curve, deflections between < degrees and incipient failwe
cannot be accurately predicted.

A type II or III cross section is used to compute the ultimate moment capacity
of a flat slab designed for large deflections. At every section throughout
the slab, tension and compression reinforcement must be continuous in order to
devalop the tension membrane action (tension membrane capacity is discussed in
detail below). It should be noted that in addition to the above requiremsants
for the reinforcement, an elastic distribution of reinforcenent must still be
malintained.

Shear reiunforcement is only provided when required by analysis. If the con-

crete can resiat the shear stresses, shecar reinforcement is not required for
flexural actior (deflerctions less than 2 degreea) nor for tension membrane ac-
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tion (deflections between 2 and 8 degrees). However, shear reinforcement, in
the form of single leg stirrups, does allow the slab to rotate up to 4 degrees
under flexural action. There are two design situations where single leg stir-
rups are desirable when designing for rotations between 2 and 4 degrees: (1)
the slab is incapable of developing adequate tension membrane action and (2)
the maximum deflection must be accurately predicted (which cannot be done uti-
lizing tension membrane action). In all other design situations, it is usu-
ally more economical to eliminate single leg stirrups by increasing the slab
thickness (to ircrease shear capacity) and/or by increasing the amount of con-
tinuous reinforcement (to develop adequate tensior membrane capacity).

4~29.5 Minimum Reinfcorcement

To ensure proper structural behavior under dynamic loads and also to minimize
excessive deformations under conventional loads, the minimum area of rein-
forcement must be at least equal to that specified in table 4-3. V¥ith an
elastic distribution of reinforcement in a flat slab, the minimum reiaforce-~
ment generally will occur only irn the center of the midstrip and/or in the
wall strip. It is important to also check the static requirements for minimum
reinforcement. Where static conditions control, the area of reinforcement
must be at least equal to 0.0018 times the gross area of concrete or 1.33
times the area required by static loading conditions, whichever is less. Un-
less the blast loads are in the same order of magritude as the static loads,
this ecriteria does not control.

Although the spacing of the flexural reinforcement must not exceed two times
the slab thickness nor 18 inches, the preferred spacing is 12 inches or less.

There is no minimum shear reinforcement requirement for flat slabs. Shear
reinforcement is only provided when required by analysis. However, when a
slab is designed to undergo flexural response with support rotations between 2
and 4 degrees (i.e., where tension membrane action i3 not considered), stir-
rups are required., The minimum area of the stirrups is given in table u-l,

4-30 Dynamie Analysis
4-30.1 General

The dyramic analysis ¢f a structural element is accomplished by first rep-
resenting the structural element as a single-degree-of-freedom system and then
firding the response of that system when subject to a blast load. Volums JII
presents procedures, figures and response charts for determining the dynam-
ically equivalent system and its response. However, certain parameters of a
flat slab, such as the ultimate resistance and the elastic deflections, cannct
be calculated usirg the methods of Volume III. Methods for calculating those
parameters are presented below,

4-30.2 Ultimate Flexural Resistance

4=30,2,1 General. Tne ultimate resistance r, of a flat slab is a function of

the strength, amount and distribution of the reinforcement, the thickness and
strength of the concrete and the aspect ratios of the panzls. The ultimate
resistance is obtained using a yield line analysis. Since in-—-plane compres-
sion forces and tension membrane forces are notv considered, the ultimate re-
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sistance determined from a yield line analysis will generally be lower than
the actual resistance.

The first step in finding the ultimate resistance is to assume a yield linc
pattern consistent with the support conditions and the distribution of the re-
inforcement . The pattern will contain one or more unknown dimensions which
locate the yield lines. The correct solution is the one which gives the low-
est value of the ultimate resistance. Figure 4-24 shows the yield line pat-
tern that will form in a multi-panel flat slab with an elastic distribution of
reinforcement. The roof-slab interactions must be designed to insure that the
perimeter yield lines form in the roof slab and not in the wall., The yield
lines at the columns are assumed to form at the face of the eolumn capitals,

The ultimate resistance can be found from the yield line pattern using either

e equilibrium method or the virtual work method, both of which have been
discussed in Volume III. The equilibrium method is one that has been employed
in previous examples but, in the case of flat slabs, requires the introduction
of nrodal forces which are not always readily determined. The virtual work
method though more difficult to solve algebreically, does not require the cal-
culations of the nodal forces. Consequently, the virtual work method is the
easier method to apply to flat slabs and is the method detailed below,

The virtual work method does not predict the correct yield line pattern but
rather gives the minimum resistance of an assumed yield lire pattern. If the
distribution of reinforcement is not elastic and/or the span lengths are not
approximately equal, the minimum resistance found by the virtual work method
may nct be the ultimate resistance. In these cases, local failuros are pos-
sible. It is strongly recommended that these design situations be avoided.
In the rare instances where they cannot be avoided, the nrnodal forces must be
calculated and the equilibrium method used to prediect the correct yield line
pattern.

4-30.2.2 Virtual Work Method. In the virtual work method, equations for the

external and internal work are written in terms of the unit resistance ru the

moment capacities and the geometry. The expression for the external work is
set equal to that for the internal work, ana the resulting equation is scolved
for the minimum value of "y and the associated failure mechanism,.

2 point within the slab boundaries is given a small displacement in the direc-
tion of the load, The resulting deflections and rotations of all of the slab
segments are determined in terms of the displacement and the slab segment di-
mensions. Work will be done by the external loads and by the internal reac-
tions along the yield lines,

The exterrnal work done by ry is:

=
1]

L r‘uAA 4-TY
where:

W = external work

area of the sector
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A = deflection of the sector's centroid

The internal work done by the reactions at the yield lines is due only to the
bending moments since the support reactions do not undergo any displacement
and the work done by the shear forces (nodal forces) is zero when summed over
the entire slah.

The internal work is:

E L mok 4-75

where

= internal work

E

m = ultimate unit moment

® = relative rotation about yield line
2

= length of the yield line

In terms of the moments and rotations in the principal reinforcement dirac-
tiors x and y:

E=1 mxexly + I myeyfcx 4-76
Equating the evxternal and internal work, W - D
I ruAA = I mxexly + I myeylx 4-77

Particular attention must be paid to the negative moment capacities of the
yield lines radiating from the column capitals when determining E. Top bar
cut-offs, if present, will reduce the moment capacity on the part of the vield
line furthest from the cojumn. 1In addition, corner effects must be considered
where the two walls intersect. That is, as a result of the increased stiff-
rness at the corners, the ultimate moment ¢f the reinforcement is reduced to
273 of its capacity over a length equal to 1/2 the length of the positive
yield line.

To illustrate the application of equation 4-77, consider the flat slab shown
in figure 4-25, This flat slab is the roof of a square structure with one
central column, and is symmetrical about vhe x and y axes,

Note that Sectors 1 and III, and Sectors II and IV are identical because of
symmetry. To simplify calculations, each sector has been resolved into a
rectangle and a triangle. The external work for cach scector is:

=
1]

=
1)

r'ux(L - X) (Aa72) + r'ux(x/E) (a73) 4-78

x
i
=
1§

ruc(L - x - ¢){A/2)
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+r, (L - x = e)(L - x - ¢e)/21(2A/3) L-79

Substituting L = 4% and summing

o,

-
¥

el 22

Faatd
*

Tt

LW =2 (ruA/6)(32i2 - by + ox - bef - o°) 4-80

where

P

= width of column capital

-
’l

o

= length of panel

-,
S e g
o

X = horizontal location of the yield line

L = width of 1/2 of the column strip

o
N

A = maximum deflection of slab

N
M

The internal work for each sector is:

2 X X\
B =By =3zt m (L -3)08,
2 -
R + [5 (2m) 3 + 2n(3¢ = ) + 3mlle, 4-81
s
EII = EIV = [3m2 + 2m(L - x - l)JeB
+ [4.5m2 + 1.5m% (L - x - E)]OB 4-82
sl
E\
Substituting L = 4%, eA = A/x and eB = A/(L - x -~ ¢) A
P
i 1381 . 188 - 3.5x. <
I E=2Am L - 5 ¢ W_(:J 4--83 %*‘]
G
Equating W = E and solving for ru o
!
em2% - L, 18 = 3.5x, w2l
X 2 bo, - x - ¢ Sy
Py s > - - — 5 §-84 nrd
[320° - 44x + ex - lUeR -e7] %
with x as the only unknown. The minimum value of r, is read.ly determined by hf
trial and error. L
T
A complete design example is presented in Appendix LA. ﬁ%

S .
&() In gereral, the virtual work equation will contain more than one unknown, ard E§
- it will be correspondingly more difficult to obtain the minimum ultimate re %}
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sistance. However, a trial and error process rapidly converges on the correct

t

solution, zq
. _ s% )

A trial and error procedure to solve for the minimum value of the resistance éﬂ
function (ru/MO for a preliminary design and ry for a final design) with two K
) ”

unknown yield line locations, x and y, can be accomplished as follows: e
Ha¥

;\

1. Start with both yield lines located close to the centerline of the ::
respective midale strips, E

2. Vary x, holding y constant, in the direction which minimizes the %
resistance function until it begins to increase. L

Y

3. Hold x constant and vary y in the minimum direction until the o
resistance function begins to increase, #

4, Once this minimum point is achieved, shift each yield line to
either side c¢f the minimum location to check that a further re-
finement of the yieid line is not necessary to minimize the
resistance function.

It should be noted that if the yield 1line should shift out of the middle
strip, a new resistance function equation must be written and the procedure
then repeated since the magnitude of the unit momentsy acting on the yield
lines would change.

C.
ke
s

.l

== f

4-30.2.3 Effect of Column Capitals and Drop Panels. Although column capitals %ﬁe .
and drop panels are primarily used to prevent shear failures, they have a sig-

nificant effect on the ultimate resistance. The audition of a column capital {Q

or revision of the size of the capital changes the clear span of a flat slab b

. . : : &

and requires the re-evaluation of a slab's ultimate resistance. N

Drop panels increase the ultimate resistancz by inoreasing the depth of the é

section and thus the moment capacity in the vicinity of the column. This ef-
fect can be countercd by decreasing the amount of reinforcement to maintain
the same moment capacity. If the drop panel is used to increase the negative
moment capacity, it must extend at 1least 1/6 of the center-to-center span
length in each direction. The width of the drop panel may be up to 20 percent
larger than the column strip. When the drop panel is larger than the column
strip, the percentage of reinforcement calculated for the column strip shall
be provided throughout the drop panel. Additional reinforcement must be pro-
vided in the pottom of the drop panel to prevent it from scabbing and becoming
hazardous debris. For a type II cross section, the reinforcement in the drop
panel is the same as the negative reinforcemcnt over the column. Only 1/2 the
amourt of the negative reinforcement is required in a drop panel for a type I
cross section.

PP PP | " 0 SLI P
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4~-30.3 Ultimate Tension Membrane {apacity

When the support rotation of a flat slab reaches 2 degrees, the concrete be-
gins to crush and flexural action is no longer possible. However, the otab is
capable of sustaining large rotations due to tension membrane action. As pre- .
viously explained, the actual resistance-deflection curve describing the ten- "
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sion membrane actior has been replaced with an equivalent curve which consid-
ers flexural action only (fig. U4-23b). Using this idealized curve, incipient
failure is taken to occur at 8 degrees which corresponds to an actual support
rotation of approximately 12 degrees.

It can be seen from figure 4-23b, that the tension membrane resistance is a
function of the deflection. It is also a function of tnie span length and the
amount of the continuous reinforcement. Data is not presently available to
obtain the tension membrane capacity of a flat slab, However, an approxima-
tion may be made using the equation developed for two-way slabs. Therefore,
the tension membrane capacity, P of a flat slab is given by:

3 2
1. /
. N 5Xm TH LH
T_ a1
1 2 1
un};135[r‘_§(1) . ol TH”Z]]
T : cosh [ 5- (T—] ]
H L
4-85
where
r.. = tension membranre resistance
X = deflection of slab
LH = clear span in short direction
LL = c¢lear span in long direction
TH = force in the continuous reinforcement in short span direction
TL = 7orce in the continuous reinforcement in long span direction

Although the capacity of a flat slab is based on flexural action, adequate
tension membrane capacity must be provided. That is, ro corresponding to 8

degrees suppert rotation must be greater than the flexural resistance ry when
designing for large deflections. The deflection is computed as a function of
the yield line locations (shortest sector length). The force in the continu-
ous reinforcement 1s calculated using the dynamic design stress corresponding
to 8 degrees (table 4-2), The clear span L, and L, are calculated as the
clear distance between the faces of the supports (face of the column if no
columr: capital is used, face of the column capital, face of the wall if no
haunch is used or the faece of haunch).

4-30.4 Elastic Deflections

The elastic deflection of varjious points on an interior panel of a flat slab
are given by the general equation

_85_
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4 2

Cr L (1 - v7)
X = 4-8 o
*e E 1 3 2
ca N
RO
waers i N
Xe = elastic deflection %
> N
N
C = deflection coefficient from table 4-8 N
N
o
L = long span of panel ;ﬁ
v = poisson's ration = 0.167 ;;
I, = average of the cracked and gross moment of inertia of the -
R
concrete slab N
hu

-
=

TATk

r

The deflection coefficient varies with th2 panel aspecet ratio L/H, the ratio
of the support size to the span C/L and the location within the panel. The
values of the deflection coefficient given in table 4-8 are based on a finite
difference method and are given for the center of the panel CC and the mid-
points of the long and short sides, CL and CS’ respectively.

5,

L7

The deflection for the interior panel is determined by using CC in the above

expression. For the long and short span panels and the corner panel (fig.
4-20), no simplified solution for the center deflections are currently avail-
able. Generally, the deflections for these panels will be smaller than the
deflection of the interior panel because of the restraining effects of the ex-

-

GG by

X
i S

e

e

terior walls. These deflections can be approximated by using the following “E& !%

X
expressions: L E
r
Long Span Panel C = CC - CS/Z §-87 ey
' >
Short Span Panel C=¢C,~Cr2 4-88 i%
e
Corner Panel c=¢,-Cr/2-2¢C,/2 4-89 :

C S L

i
where the values of C., Cq and C; are those for che interior panel from table }Q
-8, R
-rKA
. . e
The dynamic response of a flat slab is more sensitive to the elastic stiffness Er
when the maximum allowabie defleation is small, The possible error diminishes FS
with increasing allowable maximum deflection. Eﬁ
4-30.5 Load-Mass Factors E;
W
4-30.5.1 Elastic Range. No data is currently available to determine the load- i
mass factor, KLM' of a flat slab in the elastic range of behavior. It is, ZE
therefore, recommended that the values listed in the table of the load-mass &;
factors for t{wo-way elements be used (Volume III). The slab should be E;
considered as fixed on all four edges with the appropriate L/H ratio. Since he
an average value of the elastic and plastic load-mass factor is used in deter- %
mining the natural period of vibration, the possible error incurred will di- R ]
minish with increasing allowable maximum detlection. "y ﬁ
E—?
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4-30.5.2 Plastic Range. The load-mass factor in the plastic range is dater-

mined using the procedure outlined for two-way elements in Volume III. The

supports for the individual sectors are at the face of the exterior walls (or .\‘3
haunches, if present) or at the face of the column capitals. Flat slabs with- Qgﬁ
out drop panels have a uniform thickness and the equation for determining the

load-mass factor may be expressed in terms of the area moment of inertia and

the area of the individual sectors. For flat slabs with drop panels, the

equations must be expressed irn terms of the mass moment of inertia and the
non-uniform mass of the individual sectors to account for the non~uniform slab
thickness.

4-30.6 Dynamic Respanse

The equivalent single-degree-of-freedom system or the flat slab s defined in

terms of its ultimate resistance rye elastic deflection XE and its natural

pcriod of vibration TN. The procedure for determining the value of TN has

- X

been presented in Volume III while the calculation of r, and Xg has been pre-

sented above, The resistance deflection curve used in the dynamic analysis is
shown in figure U-26, The resistance available to withstand the blast loads
must be reduced by the dead lcads. An approximation of the resistance avaii-
able is

LI

x

i 4

)

f e

= - -9 e

Tavail "u "pL, (ng) 4-90 F:
y rq

where ) 3

r . dynamic¢ resistance available
avail

i}

r uniform dead load

DL

The total deflection of the flat slab includes deflections due to dead load

XDL and blast Xm, 50 that the maximum suppori rotation Om is given by %
:

X+ X -

-1, "m DL A

= N e ettt ot 4 — r
em tan ( T ) 4-91 ﬁg

) 2
kA

e My
.

where Lg is the length of the shortest sector,

o

The blast load is defined in terms of its peak pressure P and its duration T
which are determined from Volume II. Volume I1I contains the procedures to
determine the dynamic response of a slab which include the maximum dynamic de-

I

i
[

flectivii Xm and the time to reach that deflection tm. It must be remembered =3

that using the equivalent resistance~deflection curve to inciude tension mem- ;ﬂ

brare action, deflections between 2 degrees and inciplient failure cannot be ;{
X

accurately predicted.

The required rebound resistanrce of the flat slab is calculated in accordance
with Volume III and the reinforcement necessary to attain this capacity must ;~1
be provided. Ncte that while the dead load reduces the availlable resistance "~ o

- 88 - ks
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N for the dynamie loading, this lecad inoreases the available resistance for re-
" bound.

ﬁ =31 Dynamic Design

L 4-31.1 Flexural Capacity

- The ultimate moment capacity of a flat slab is usually based upen a type 1 or
. type III cross scction depending on the magnitude of the maximum allowable
: deflection. The distribution of reinforcement 1is aritical in flat slab

design. The actual moment capacity provided must be as close as possible to
X the unit moments required for an elastic distribution of stresses. The
- quantity of flexural reinforcement which i3 made continuous provides the
N tension membrane resistance.

If the amount of continuous reinforcement provided is iradequate for tension
membrane action, care must be taken in furnishing additional reinforcement.
Any additional reinforcement must be placed to maintain the elastio distribu-
tion of reinforcement and the new moment capacities and ultimate resistance
must be re-evaluated. The ultimate moment capacity will not be altered if the
additional reinforcement is provided by increasing the compression reinforce- .
ment .

21

aa

4-31.2 Shear Capacity

Unlike continuously supported two-way slabs where shear stresses are "checked"
after the flexwal design is completed, the dssign for shear of o flat sla

must be considered during the flexural design. Due to the nature of the sup-
port system, flat slabs will usually generate large shear stresses. Flat
slabs with high percentages of flexural reinforcement and/or long spans should
be avoided.

Ll

¢

The shear forces acting at a support are a function of the tributary area or
the sectors formed by the yield lines. The shears at the columns should be :
checked first, since design for these forces can drastically effect the flex- '
N ural design of the slab., Two types of shear action must be considered; punch-
ing shear along a truncated conc around the column and beam shear across the !
width of the vield lines. These conditions are illustrated in figure 4-27. :

Shears at the columns may require the use of column capitals and/or drop
parels. Punching shear can occur around the periphery of the columns or col-
umn capitals and drop panels. The critical section is taken at de/Z from the

by the positive yield lines and is then distributed uniformly along the crit-
ical perimeter. Figure 4-27a illustrates the aritiecal sections for pwunching
shear, Beam shear, as a measure of diagonal tension, is taken as one-way
action between supports where the width of tue beam 1s taken as the spacing
- between the positive yield lines. The critical section is taken as d, away

i

|

~ face of the support. The total load is calculated based on the area enclosed E
t

F

[

from the face of the column or column capital and from the face of the drop

panel (fig. 4-27b),., The total leoad is uniformly distributed along the arit-

ical section.
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The 51ab at the covierior walls must be cvaluated for diagondal tension capaces
ity. Due to tbhe assumed uniform distributicn of lead at the extcerior walils, a
wiit width of loaded area may be considered between the positive yield line
and the ecitiecal section, The eritical section is taken at d, from the face

of the exterior wall or, if a haunch is used, from the face of the hiaunch,

The ultimate shear capacity of slabs has been previously presented. Using
these procedures, the capacity of the slab is evaluated at the locations de-
scribed above. If required, stirrups may be fwnished. However, it is more
cost effective Lo revise the design to inecorporate the use of column capitals,
drop panels and/or incrcased slab thickness to reduce shear stresses. As pre-
viously stated, the wuse of stirrups is mandatory in the {lexural design of
flat slabs between 2 and 4 degrees support rotation.

Diagonal bars must be provided at the face of all supports due Lo the oracking
caused by the plastic moments formed. For slabs designed for small support
rotations, minimum Jdiagonal bars must be [urnisned. However, for slabs de-
signed for large support rotations where the eracking at the supports is
severe, diagonal bars must be designed to resist the total support shear but
not less than the minimum required. The diagonal bars rurnished at the colunn
supports should extend from the slab into the column. In slabs where shear
33 are high, it may be impractical Lo place the reauired diagonal bars.

If column capitals were nol initially wused, their adoition woul roduce the
required quantity or Jdiagornal bars, In the case where colunn Lapitals are
furnished, at least one-halt of the diagonal bars should extend into Lhe col-
umin with the reomainder cut-off in tho column capital Proccdures for Lhe de-
sign of diagonal birs huve been previously presented while the required con-
struction details are illustrated in subsequent seations,

4-31.3 Columns

The interior columns of a flat slab/shear wall structure are ot subjected to
lateral loads ror the moments they induce, These columns are desiygned Lo re-
3ist the ax1al loads and unbilanced shears generated by tLhe ultimate resis-
tance of the flat slab. The axial load ard moments at the top of the column
are obtained trom the flat slab shear forces acting on the perimeler of the
column ecapital plus the load or the tributary area of the column capital. As
Can be seen from {igure 4-28, the axial load is:

el

P=pr . A+1 0 4-92

u u

ard the unbalanced moments are;
= - D _an
MX (VU V)_) (ar2) 4~93
M o= (V. - V.)) (e/2. 4-9'
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The procedures {or the design of columns is presented in Section 4-49. When
using these procedures, the unsupported length of the column is from the top
of the floor to the bottom of the column capital.

DESIGN OF LACED ELEMENIS

k-32 Intrcduction

The detonation of an explosive charge close to a barrier produces a non-
uniform, high intensity blast load which acts on the barrier for a compara-
tively short period of time. The concept of lacing reinforcement (fig, 4-4d
and 4-5; has been developed for use in protective structures subjected to such
loads. Lacing maintains the structural integrity of a barrier and permits it
to attain large plastic deflections,

Extremely high pressure concentrations are caused by close~in detonations.
These concentrations cen produce local (punching) failure of an element. How-
ever, with the use of lacing, the high shears produced in the vicinity of
these pressure concentrations are transferred to other areas of the element
where the applied blast loads are less severe. In effect, the lacing tends to
spread out the effects of the norn-uniformity of the loading and permits the
use of an average blast load over the entire surface area of the element. In
addition, lacing is required in those elements where large defliections are de-
sirable. In these cases, the lacing not only resists the high snears produced
but also maintains the integrity of the severely cracked concrete between the
tension and compression reinforcement during the latter stages of deflection.

The primary use of laced elements is to resist the effects of explosive
charges located ¢lose to barriers, The minimum separation distance between
the charge and the laced element is given in Section 2-14,2.1 of Volume II.
It should be empahsized that these separation distances are the minimum clear
distance from the surfacce of the charge to the surface of the laced =lement.
The normal scaled distances R, (center of charge to surface of barrier)
cerresponding to these miqg%um clear separation distarces aire equal to
approximatel, 0.25 fv./1lbs. '7+,

A laced element may be designed for limited deflections (less than 5 degrees
support rotation), large deflections (up to 12 degrees support rotation) or
controlled post-failure fragments depending upon the protection requirements
of the receiver system. The stresses developed in the reinforcement is a
fanetion of the deflection attained by the eiement. The type of cross-section
which determines the ultimate moment capacity of the reinforced section is
also a function of the deflection but, more importantly, is a function of the
elements brittle mode response. High intensity blast pressures cause direct
spalling during the initial phase of an element's response., Therefore, a type
I1I cross-section will usually be avallable to provide moment cepacity as well
as the available mass to resist motion.

Single leg stirrups may be somawhat more economical than lacing as shear
reintforcement. However, in many dasign situations, the use of lacing
reinforcement is mandalory. When explosives are located at scaled distances
less than 1.0, lacing must be used; single leg stirrups are not effective for
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such close charge locations. Also, the hiast capacity orf laced elements are
greater than corresponding (same conecrete thickness and quartity of
reinforcement) elements with single leg stirrups. Laced elements may attain
defiections corresponding to 12 degrees support rotation whereas elements with
single leg stirrups are designed for a maximum rotation of 8 degrees. These
rnon-laced elements must develop tension membrane action in order to develop
this large support rotation. If support conditions do not permit tension
membrane action, 1lacing reinforcement must be used tc achieve large
deflections.

The design of concrete elements subjected to blast lcads involves an iterative
(trial and error) design procedurc in which the element is assumed and then
its adequacy is verified through a dynamic analysis (Volume III). The design
of laced elements for limited deflections is performed in much the same
manner . However, the design of laced elements for large deflections has
unique features which permit the formulation of design equations. Since a
laced element is subjected tc very short dwation blast loads, the actual
pressure-time relationship of the load need not be considered. 1In fact, the
actual duration of the load need not be considered at all. The load may be
taken as an impulse <{(area under the pressure-time curve), that is, the entire
load is applied instantaneously to the element. This assumption results in an
insignificant error since the time for the element to reach the mnaximum
deflection 1is 1large 1in comparison to the actual duration of the 1load.
Secondly, the elastic portion of the element's resistance-deflection curve

need not be considered. This assumption will also result in a negligitle
error since the plastic portion of the curve 1s many times that of the elastic
portion. Lastly, laced elements nmust be symmelrically reinforced which

greatly simplifies the expressions for an eiement's capacity. These features
permit the formulation of design equations and design charts which are used to
design laced elements for large deflections and for the preliminary design of
laced elements for limited deflections.

This cection ircludes the design of laced elements for ductile mode re-
sponse. The brittle mode of response including the occurrence of spalling and
the design for controlled post-failure fragments are presented in subsequent
sections. The interrelationship of the parameters involved in the design of
laced elements is illustrated in the idealized resistance-deflection curve
shown in figure 4-29.

B-33 Flexural Design for Large Deflections

b-33.1 General

The bzsic equations for the analysis of the impulse capacity of an element
were derived in Volume III. For a two-way element which exhibits a post-
ultimate resistance range and is designed for large deflections, the response
is:

m

am u 1 mn rup (Xm - X1) 4-95
u up

The response equation for a one-way elementi, or a two-way element which doey
not exhibit a post-ultimale resistance range is:

_95_
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2
=T, Xm 4-96
m
u
ib = agpplied blast impulse load
m mup = effective unit mass in the ultimate and post-
ultimate ranges, respectfully
L rup = ynit resistances in the ultimate and post-
i
ultimate ranges, respectively
X1 = deflection at partial failure
Xm = maximum deflection

The above equations give the impulse capacity of a given structural element.
Use of such equations for design purpcses is not practical since the procedure
would involve a tedious trial and error design.

4-33.2 Impulse Coerficients

Equations suitable for design are obtained by substituting the general expres-
sions from Volume III for the effective masses (m, and mup)’ the ultimate
resistances (ru and rup) and maximum deflections (X1 and Xu) into equations 4-

95 and 4-96 The resulting equations take the form:

ii H
—-—-—»——3 = C )'1_'97
pHdc fds
H = height ¢f the element
pH = horizontal reinforcement ratio
dC = distance from the centroid of the compression
reinforcement to the centroid of the tension reinforcement
Fds = dynamic design strength of the steel
C = impulse coefficient

To illustrate the method used to obtain the impulse coefficients, consider a
two-way element (roof slab or wall) fixed on two adjacent edges and free on
the other two. The yield line location is defined by y and L < y < H. The
solution desired is for incipient failure (deflection Xu) of a spalled section
{cross section type III).

,—97_




From Volume III the equations for the resistances, deflections and effective
masses for this two-way element are as follows:

1. Ultimate unit resistance

5 (MVN + M)

r, = ve (table 3-2)
y
where
Af . d
- - Sds¢c . g% ~ -
MVN =M, = 5 = Pyfasda (egqs. 4-18 and 4-19)

and Py is defined as the vertical reinforcement ratio on each face.
2. Post-ultimate unit resistance

(Myy * Myp)

rup Hz (table 3-4)

3. Partial failure deflection

X1 = L tan 12° (table 3-6)

4. Ultimate deflection

Xu = ytan 12° + (H - y) tan 2 (table 3-6)
where
-1 ,tan 12°
A= 12% - tan —_—
a ( Y7L )
5. Effective unit mass in the ultimat¢ range

U LM u
(KLM)u is from figure 3-44
d [N
= -1*(7‘-5—5 [ ‘—*-1”30—‘:‘6—- ]l = 225(10
) 386 (10 )

6, Effective unit mass in the post-ultimate range
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: 0
2
mup = (KLM)up m=3u
K
!
the units used are:

X y, L, H, dc’ b, X1, Xu inches

iy psi-ms
¥
\ M M in.-1bs/in
3‘ VN) VP ln- s l .

fds' £y Pup psi

A in.2

s
2,.
m ., m,mn psi-ms /in.

Substituting into equation 4-95

2
?Opvdc fds

TS NIRRT TR T YT C N ST O R TY Y S S N T T TR i NN S N N T R XL F T Y A b

2 .
i, = 2 X 225dc (KLM)u ( ) Ltan 12° +
Yy
2
(K, ) 2p.d_f
LMy Ve dS) rytan 12° + (H - y) tan A - Ltan 12°)
0.66 H2
4-98a
Factoring
2
10(K ) L 3(K. )
.2 2 LM u LM u
_ ~ - 20 e ——
i, = 2(2¢5dc)pvdofds tan 12 > + 5
N H
(y-L + L= y) tan }, 4-98b

tan 12°

Dividing :ach side by py, the horizontal reinforcement ratio, and rearranging

T YA e m_ e e yeeeem ) T AW - e

o 1 H p 10(K, .,) (L/H)
§:; - 450 (EM) tan 12° LM u +

d3f H (y/H)2




2y _ L _ Yy _tan A _
3Ky A g o w U ) tan e 4-98c
12 p 3.33(K,,,) (L/H)
DLyl LMy +
N P 5
LHdede H (y/H)
y _ L _ Y -
470 (K ), [H ot 4.0 H) tan AJ 4-99
where
A= 12° - tan'1(94§¥%9) 4-100

The solution for partial failure (deflection X1) for the above two-way element

is obtained in a similar manner. Substituting the general expressicns for
partial failure into equation U4-96 yields:

i2H p
=957 (D) k), O 4-101
pHdcfds H (y/H)

Equations 4-99 and 4-101 can be rewritten as:

igH

3 = c1 4-102
pHdofds

2
—3 = C, 4-103
pHdcfds

where the right-hand side of the equation is designated as the impulse coeffi-
cient. The impulse coefficient C is used for incipient failure design (max-

imum deflection equals X ) whereas C, is for partial failure design (maximum
deflection equals X1). These impulse coefficients are a proportional measure
of the impulse capacity under the resistance-deflection curve up to the maxi-
mum deflection,

Expressions for the impulse coefficients of elements with various support con-

ditions and yield line locations have been derived as above. Equations for C1
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and C.u for two-way elements are given in table U4-9 and table 4-10, respec-
oty tively. For onec-way elements whicen do not exhibit the secondary resistance
range (X1 = Xu)' the coefficient C, is equal to C . In addition, for a given

support. condition, C _ for a one-way element is & constant value. Table 4-11

u
gives the values of C for one-way elements,

4-33.3 Design Equations for Deflections X; and X,

For design purposes, equations 4-102 and 4-103 can be rewritten as:

[
[
fou nd
Yo i)
. % 10
[ ]

3 b §-
pl{dC_Cf’ 4=10U4

Q.
w
b

&

[
=
Ll

NI QU 3700

~
el

3 b ~105
pHdO TF 4-~105
1 ds

For a two-way element C1 and Cu are functions of support conditions, aspect

ratio, yield line 1location, reinforcement ratios and the load-mass lactors.
It was shown in Volume III the (KLM)u for a two-way element varies with the knu

é:a yield line location ratio y/H or x/L. Furthermore, it was shown that yield
line location ratio is a function of the span ratio L/H and the moment ratio
[(Myy * MVP)/(MHN + MHP)]' Since the cross sections used for large deflection

e

1‘.. n
design are equally reinforced on each face, the moment ratio is, in effect, §{¥
the ratio of the reinforcement ratio pv/pH. Thus it can be seen that the im- E3§
pulse coefficients are solely functions of L/H and py/py for a given support Eﬁ

[

condition.

.
-

BRI

To facilitate the design procedure, charts have been constructed for the im-

pulse coefficients Cy and C, for tLwo-way elements as a function of py/py and it
A
L/H. These curves for various support conditions are given in figures 4-30 \:*
o Vo

through 4-32 for C1 and figures 4-33 tnrough 4-35 for Cy- For one-way ele-

»

247

ments C is a constant (see table U4-11),

x .
o5

4-33. 4 Optimum Reinforcement

s

2

A prime factor in the design of any facility is construction economy. Proper
selection of section sizes ard reinforcing steel will result in a design hav-
irg optimum capacity and minimum cost., To determine the optimum design of any
particular two-way structural element, consideration must be given to the fol-
lowing:

.

1

s

)11 g -f:_f."

-,

1. There is an ideal distribution of flexural reinforcement, defined
by the reinforcement ratio pv/pH, which is independent of section

k'

&3
7

L
o Al

e
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depth, This ratio will yield the maximum blast impulse capacity
for a given total amount of flexural reinforcement p..

2. There i3 an ideal relationship between the quantity of rein-
forcement to the quantity of concrete which will result in the
minimum cost of an element. This relationship is defined by the
total percentage of reinforcement in one face of an element. This
total percentage Pr is the sum of the vertical and horizontal

reinforcement ratios, Py and Py respectively.

4-33.4.1 Optimum Reinforcement Distribution. The blast impulse capacity of an
element varies with the distribution of the reinforcement even though the
total amount of reinforcement and the concrete thickness remains the same.
This optimum reinforcement ratio varies for dirferent support conditions as a
funetion of the aspect ratio L/H. In addition, the optimum ratio is different
for partial failure and incipient failure design.

To illustrate the determination of the optimum reinforcement distribution ra-
tio pv/pH, consider a two-way panel fixed on three sides. The panel has an

aspect ratio L/H equal to 3 and a total percentage of reinforcement Pr equal
to 1 percent. For various values of pv/pH, the impulse capacity can be deter-

mined for both partial and incipient failure design from figures #4-31 and 4-
34, respectively.

e 2,43
Iif le/dOde

is plotted versus PyPy the resulting curves are shown in figure
~ 2
4-36. The ideal pv/pH oceurs at the maximum value of iEH/d:de and is indi-

cated on the illustration as 1.58 for incipient failure and 1,93 for partial
fallure design. Increasing or decreasing the total amount of steel P will
shift the curves up or down but not effect the optimum pv/pH ratio. This op-

Limum pv/pH ratio for other L/H ratios and support conditions are determined
from similarly constructed curves.

The optimum values of pv/pH for various support conditions are plotted as a

funetion of the aspect ratio. Figwe U~37 gives the optimum reinforcement for
partial fajlure design, while figure U4-38 gives the optimum ratio for incipi-
ent failure design.

The optimum reinforcement ratio feor partial failure design 3lways results in
positive yield lines which bisect the 90 degree angle ab the corners of Lhe
element (45 degree yield lines) for all support conditions. Consequently, all
supports reach the maximun rotation of 12 degrees simultaneously and they are
all onrn the verge of failure. Therefore, the optimum condition for partial
failure is a particular case of incipient failure., This condition is evident
f'rom the common point on figure U4-35, It can also be seen from this figure
that at PV/PH ratjos other than Lhe common point, partial failure design is

more conservative than incipient failure design which includes the post ulti-
mate range. The optimum pv/pH ratio for partial failure design maximizes the
impulse capacity up to X] leaving no reserve capacity (post ultimate range).
Therefore, at this ratio, the capacity is numerically equal to that for incip-
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ient Tfailure design. While there is no quant.itative advantage Lo oplimum par -
tial €ailure design over incipient failure design, there 1s a qualitative ad-
vantage. The elements remain intact since all supports are on the verge of
failure as opposed to optimum incipient failure where some supports have
failed and the remaining supports are on the verge of failure. In this latter
case, there is wunknown sgecondary oracking which 1s not accounted Cor in the
design.

As previously explained, incipient failure design includes the capacity from
two-way action of an element up Lo partial failure Xl' and the capacity of

one-way action up to incipient failure X . Except as explained below, the
p 1]

optimum reinforcement ratio for incipient failure design results from maximiz-
ing the capacity due to one-way action after partial failure (post-ultimate
range). The resulting optimum reinforcement ratios for incipient failure de-
sign produce various yield line configurations depending upon the support con-
ditions. For four edges fixed, the optimum reinforcement ratio is 0.2% and
4.0 for aspect ratios less than and greater than one, respasctively. This dis-
tribution maximizes the post ultimate one-way action in the shorter direction.
For two edges fixed, the increase in capacity due to cantilever action in thne
post. ultimate range 13 less than the decrease in capacity of the ultimate
range. Thus, for these elements, the capacity cannot be increased above that
for partial failure, and the optimum ratio for incipient failure design is the
same as for partial failure design (45 degree yield lines). For three edyes
fixed, the post ultimate range capacity is due to either cantilever action in
the vertical direction or fixed-fixed beam action in the horizontal direction.
In regions whoerce the post ultimate range consists of cantilever action (I./H
ratio in the immediate vicinity of 2 and L/H ratio greater than U4) the optimum
ratio is the same as for partial failure, For L/H ratios less than 1.5, the
post ultimate range consists of fixed-fixed beam action and, therefore, the
optimum ratio is equal to 0.25. Between these L/H regions, neither behavior
domirates and the resulting optimum pv/pH ratios maximizes the combination of

ultimate and post ultimate range capacities.
4-33.4.2 Optimum Total Percentage of Reinforcement, The optimum total par-
cerntage of reinforcement Pr gives the relationship between the quantity of
reinforcement to the quantity of concrete which results in the mirnimum cost of
an element, The total percentage of reinforcement in one face of the element
is defined as:

pT = DV + pH 4-106

The optimum percentage of reinforcement depends upon the relative costs of the
concrete and reinforcing steel. Based on the average costs of corcrete and
steel, the optimum percentage of reinforcement Py has been determined to be

between 0.6 and 0.8 percent, with 0.7 being a reasonable value to be used for
design. Hewever, for large projects, a detailed cost analysis may result in a
more economical design.

In the usual design situation, the optimum pv/pH ratio is first determined

based on the support ccnditions and aspect ratio. Knowing this ratio, Cy or
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Table 4-9 Impulse Coefficient Gy for Two-Way Elements
Edge Yield Line o .
. aip: . ulse icient,C
Conditions Locations Limits Impulse Coefficient,C,
v LM Ju
7 0L/ < BT i)
1 -
4 7
i 2 (Kiw)
Two adjacent STy IrrrIrYY H<z<lL ser Lok
edges supported
and two edges
free i (Kr.u)u(Py/Pu)
p ‘ . op7 i (pv/on)
<1 ] - osy/Lst | R8T h)
_{_: /// >
ITITIITIY (Kew)u(pr/pr) (L/H)
L L<y<H -| 987 GIHY
x .
(pa oge/HS1 | ogy L)
7 X (z/H)
17
b / A (Kiw),
TITTIITIIY H<r<l/2 987 m
Three edges
supported and . X
one edge free ™ o<y/L<d gy LK) (vipn)
: T H;
=] 7 L E (y/H}
j‘ // \\ ﬁ!
S ATITTIIYITYY L/2<y<H .78 (Kew)u(pv/pa) (L/H)
L =E= W/H)»
bl . {(Kin)
k;:‘lllllx 051/1{5; 957 —\?/-}77
N /; -
1> =1
y S (Kindu
TITTTTTTr Hi2<zsL/2 478 (_.Iﬁ:'?
Four edges
supported r———-,x .
pp PP, 0<y/L<t (Kin)u(pv/pn)
S - - - H)
-~ - [ (y/ )
- hg
I .
YITITTITIS L/2<y<H/2 475 Kan o (v /pr ) (L/H )
L = (y/H )

-104-

%Y

s

G

<.

K

)
-_ i {r

bE

Y -~

- el
‘-/u" n’!

ETL LT

A

3

4
S

v

r

T,
e ol

e 4

v

T Y
LR e
Vi g

i
B

X,
M
L 1
2

R o e

L
r Bk 4

urat-

J

e T I

%,

LA
R,
/rl/l"l/‘l

[

i

Ly
pl o X

]

[ gt o g
ZE

A7

£

7!

<+

LA e g
I J,,-,,.l;',,l

T
¥

#

1
s



LA WS ﬁ:caﬁ Ih2= 0L s+ T~ D)) 7D iugraa) eyt | HSASUT
WN_N.O.\, - oI= <34 HIME—1C0L A - .1Hm\4v..ﬁ!4u::v.c Yy IIIII
- H.A 4 >~ -
A b A
(1D HIR 7 ~ \L.
_ AN gy H | gen i>1/450 A rrrrry>
TE\_TE‘:L .5 E\_éiﬁg.o“w g TR pajioddns
X
, sabpa inoy
d H/TZ (HIT (HITY { H/T) = e Yy yyyyy
UB = Z] =Y ‘319 ¢ Z (XY —_ IS
As:mov Tim L= em ?ésS\Tam\imonv._.Tm:v.ﬂ ¥ ,Cs.ﬁtwL il - S s
A »——< ¥
< 1 ~{
- HHl
B sy HIZ ) {>SH/ IS0 i
_.mhm ﬂvﬁ Fa )+ s | 9 b
T/AZ . (H/R) ShS 1
Awﬂﬂo T8~ ] =X Ay 4 M:_EE\T:m.c.‘,?,me\TSe.,?:.s+ﬂ|.4:~ﬁ|5ﬂm&?&.§uz H>853/7 Py
'/ 1T Ml < > 7
, Ery1k
{HIT) /A sa/kS y ]
_ 2 ammypyped—— A ! E>7/850
Tm\?ﬁ\s.ﬁ e (v aay (m1y)eeet | i fo—rd] 991} abpa auo
X pupb pajsoddns
, . sabps asuy}
E/x L O¥]— 7] = ¢ MY ({H/T) +N:~\‘E .Aiq.&vw._rl.ﬁm\uv ] v 2ISISH IIIIIIIIIIIY
92120 e (f/2— HE/TIC0LF [ H/iz A:Sm&.o‘_ \ /b
A\ a4
b L y
H/z = =
— 1)U ad) (0T ars I>H/250
T:\N 1) {8/ ad) N ( E+Axi§mm.L 182 TmL
jo
1/8 _ _ W H/A) SAST - 1
L —Z1=X" — . — /R _ |csdsaa H>A>T
Amn;dv U= T =X 13y TESEE DLy H/T- HI 7?d:...E\S,m:iummum”—,ﬁ /4d) 192 l_tt\\ttt\‘
-~ F
(/D) A/ 1 7 16
(H/T " 1>7/50 -
—— h.“ ]
_HA HIA— IR T (R jady (R i) eee | CEZH)
s2bpa omy pubp
, - ?jJoddns sabpe
, Hiz r {H/T) W{(H/7) L HIE) 1515 H P
_aw— gL =X ‘313qy, pe— (A7) el L L |
Ammnudv. ¥ — 2§ = X 213qy, WAA:E:&\Nlh\q;cﬁv._v"lm\k ~( <s+..ﬁldmvmmm.m.. Llid \\N\H\\“ Ju3adDIpPo oM |
7/t
A
| (5= v+t ues | S w/ES0 —
, ’ TN EETE | bt
|
27} SUOI1}1pUO)
gt ua1ai}}005 as(ndu 841001 $U0HDI H
O 4udldijjeo] asy | i aur] pIaIA abp3

sjuswaly AeM-OmL 103 "' JuaId13I20) Asyndur

0T -7 °2IqEL

-105-




[

Table 4-11 Impulse Coefficient C,; for One-Way Elements

EDGE CONDITIONS CQ’E%?PCLISETS

Cu

CANTILEVER %rmmagoooocm 127
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Cu is determined and along with the given values of i H, fds' gquation 4-104
or 4-105 results in;
3

pHdc = constant 4-107

With the known values of pv/pH and the optimum total percentage of reinforce-
ment equal to 0.7, the required quantity of horizontal reinforcement Py is

calculated. The required thickness of the element is then calculated from
equation 4-107,

In some design cases, it may be desirable to reduce the uvinorete thickness be-
low the optimum thickness. The quantity of reinforcemart in excess of the
optimum Pr must be provided to obtain the necessary imgulse capacity. The

cost increase is small for total percentages of steel in the vicinity of the
optimum value of Pr- In fact, the use of Pr equal to 1 percent will result in

a cost increase of less than 10 percent,, Beyond 1 percent reinforcement, the
cost inorease is more rapid. However, except for very thin elements, the use
of reinforcement in excess of 1 percent is lmpractical since the required de-
tails cannot be maintained with such large quantities of reinforcing steel.
For thick walls providing even the optimum pp of 0.7 percent nay be imprac-

tical and may have to be reduced to as low as 0.3 percent minimum rein-
Pt y

forcement of G.15 percent in each direction) in order to permit placement of
the reinforcing steel. The total reinforcement Py may also be less than

optimum if a minimum concrete thickress is required Lo preveni fragment pene-
tration. When the minimum quantity of reinforcement is provided whether for
strength or to satisfy minimum requirements, the resulting cost may be far in
excess of optimun.

In some cases of 1incipient failure design, the optimum reinforcement ratio
pV/pH is equal to 0.25 cr 4,0, However, in most cases, it is impractical to

brovide four times as much reinforcement in one direction as in the other
direction. Since the minimum required percentage of reinforcement in a given
direction is 0.15, the orthogonal directiorn would require 0.6 percent for a
total percentage of 0.75. Although this percentage is approximately equal to
the optimum percentage of 0.7, it m3y still be impractical in all but thin
walls, Consequently, in such design situations, a trade off between optimum
reinforcement ratio pV/pH and the optimum total percentage reinforcement Pr
must be made for an ecornomical design.

4-33,5 Design Equation for Deflections Less than X; or X,

For certain conditions, it is sometimes desired to design a structural element
for maximum deflections other than partial failure deflection X, or incipient
failure deflection Xy For those cases, the impuls: coefficients can be

scaled relative to the deflections.

For a maximum deflection Xm in the deflection range Xy < X < X equalion

m u'
4-107 becomes

—- “]6 -

Q&
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-

e
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3__b i
pHdc =TT 4-108
u ds
where
X =X
crec o+t o-cn 4-109
u 1 Xu - X1 1 1

For a maximum deflection corresponding to a support rotation greater than 5
degrees, but less than X1, equation 4-108 becomes

, i
p,dl = = 4-110
H ¢ C1fds
where
Xm
c1 =(T)C1 4-111

The optimum pv/pH ratio for a given element is a constant for any deflection
less than partial failure deflection X], and is determined from figure 4-37.
In the deflection range X1 <X, < Xu the optimum pv/pH ratio varies with the

maximunm deflection. However, for design pwposes, the values from figure 4-38
for incipient failure may be used.

4-33.6 Design Eguations for Unspalled Cross Sections

The impulse coefficients derived above may also be used for type II or un-
spalled cross sections. However, the general form of the equation is slightly
modified to account for the change in the physical properties of the cross
section. For a type II cross section, the full thickness of concrete element
is included in calculating the effective mass, Thus, the design equations for
the impulse coefficients of unspalled sections take the form:

. i
p,,T d = 4-112
H c ¢ C1fds
i H
2 b )
pHTcde— cf, h-113
u ds

where TC is the total thickness of the concrete section.

The optimum reinforcement ratios and the impulse coefficients are the same for
spalled and unspalled cross seections. The design procedure for unspalled
cross sections is very similar to the procedure described in Section 4-33.4.2.
The total thickness of concrete T, can be expressed in terms of d, by approx-
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imating the value of d'. The value of d' can be estimated by determining the
required concrete cover and assuming the reinforcing bar sizes.

4-34 Flexural Design for Limited Deflections t;ﬁ

In the design of elements for large deflections, only the plastic range behav-
ior of the element was corsidered, since the capacity due to elasto-plastic
behavior is relatively small. For elements where support rotations are lim-
ited to 5 degrees or less, the elasto-plastic range is a significant porticn
of the element's total capacity as well as cf its deflected shape. Therefore,
it must be included in the determination of the respcnse of such elements,

The blast impulse capacity of an element whose maximum deflection is less than
or equal to 5 degrees was given in Volume III as

iiH ru XE ma
m " Tz o Tu %Xy M
a u
where
ma = average of the effective elastic and plastic unit masses
XE = equivalent elastic deflection

This is an equacvion which is suitable for analysis rather than design. Im-
pulse ccefficients could theoretically be derived in a similar manner as that
for large deflections. However, the equivalent elastic deflcetion cannot be
defined by a mathematical expression making the determination of impulse coet- &40
ficients for the various support conditions impractical.

The design of an element subjected to an impulse load (short duration pres-
sure-time load) for limited deflections is accomplished using a trial and
error procedure., An element would be assumed (concrete thickness and rein-
forcement ) and its response determined from the response charts of Volume IIT.
A preliminary estimate of the size of the element can be obtained using the
equations for partial failure design where the impulse coefficient is modiried
for reduced rotations according to equation 4-110. It should be noted that
this preliminary design will underestimate the required element.

The above procedure wouid be used for laced elements designed for support ro-
tations less than 5 degrees. However, if an element is designed for support
rotations less than 2 degrees and single leg stirrups are used in place of
lacing reinforcement, the above preliminary estimate of the size of the ele-
ment may not be used. Since the position of the flexwual reinforcement is not
altered for single leg stirrups, an average do may not be used. Two valies

of dC must be determined; one for the vertical reinforcement and second f{or

the horizontal reinforcement. Therefore, the capacity of the element (flex-
ural and shear capacity) must be determined according to the procedures for
conventional reinforced slabs.,

.
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h-35 Design for Shear i
{'_‘-’-‘*:‘ h-35.1 General %‘:
e &:
After the flexural design of an element has been completcd, the reguired guan-
tity of shear reinforcement must be determined. This shear reinforcement in- 3
swres that the desired flexiral behavior in the duetile mode will be attainod. ;3;
The design of the lacing reinforcement has been discussed Iin previous sec— ;~'{
tions. This section is concerned with the determination of the shzar stresses o
and forces to be used in the design equations. S&E
|23
Shear coefficients can be derived in a manner gimilar to that used to derive
the impulse coefficients above. The equations for support shear given in W
Volume IIT and for the ultimate shear stress given in Section 4-27 show that “g
the shear reinforcement ia a fimetion of the resistance of the element and not t-\
of the applied load. The shear forces and stresses vary as the ultimate unit N
resistance, the geometry and yield line locations of the element, and the sec- p
tion depth. If "y is evaluated and substituted into these shear expressions, -’-’"
it can be shown that the ultimate support shear Vg can be represented as an '_f_-
equation in the general form .
Y
2 ,
d°f
P o ds
V = C ———=— §-115
3 L >
and the ultimate shear stress at distance d, from the support as f}j
. %\.
v = Cpl 4-1
u P ds 16 !
g
where lgi
C = shear coefficient ey
t
p = flexural reinforcement ratio "
i
fds = dyramic design stress of the flexural reinforcement b
o
. ke
The shear coefficient is different for each case and also different for one- *(_.:
way and two-way elemernts. Specific values are indicated in the following :,-:
paragraphs of this section. o
§-35.2 Ultimate Shear Stress ;::
Ry
4-35.2.1 One-Way Elements. The ultimate shear stress v, at distance d, from Fr
the support for a one-way element is E':‘f
&C
= C nf 4-117 }\}r
u d ds Dt
N ]
‘.‘ﬁty where Cy is the shear coefficient and a function of the ratio of d, /L. Values E‘:\
) S
of Cg are shown in table 4-12. -
A
&
A
ia




Table 4~12 Shear Coefficients for Ultimate Shear Stress at Distance d¢
from the Support for One-Way Elements (Cross Section Type II and I11)

~—

ULTIMATE SHEAR
EDGE CONDITIONS [STRESS COgFFIClENTS
d
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- y-35.2.2 Two-Way Elements, The ultimate shear stress VuH in the horizontal
h&v direction (along side H) at a distancc da fran the support for a two-way
element 1s given as

VuH * CHprdS 4-118
and in the vertical direction (along side L) as
= C 4-119

Vav T “vPyTas

where CH and CV are the horizontal and vertical shear coefficients, respec-
tively. The shear coefficients, given in table 4-13, vary as d /x or d./y for
the triangular sectors and as x/L and d,/H or y/H and d /L for the trapezoidal

sectors, The solution for the shear coefticients is presented graphically in
figures U-39 through 4-52,

The shear coefficients for the triangular sectors, can beé read directly from
either figure 4-39 or 4-U0, since the yield line location is Lhe only variable
involved. Plotting the shear coefficients for the trapezoidal sectors for a
particular support condition yields a family of curves, That is, the shear
coefficient 1s plotted versus d, /L for varjous values of y/H (or dy/H for

r—-‘:‘r
ol various values of x/L). The maximum value of the shear coefficient is dit-

ferert for each curva of yv/H or x/L and ocecurs at various values of dC/L or
dC/H. Therefore, these family of curves overlap and accurate interpolation

between curves is difficult.

Using a method of coordinate transformatior, the famiiy of curves has been re-
duced to a set of curves with a common maximum poirt defined (using the hori-
zortal shear coefficient as an example) by C,/Cy = 1 and (dC/L)/(dC/L)M =1,

The quantities CM and (do/L)M represenrt the coordirates of the maximun point
orr the original family of curves Tor y/H and X/L. The left-hand portions of
the curves become identical, and accurabe interpolation in the right-hand por-
tion is now possible. This transformation results in two figures to defire

the shear coefficient for a particular support condition and yield line pat-
tern.

The above sets of curves are presented in figures 4-41 through 4-52. When
using these ~urves, the shear parameter curve for the applicable support con-
dition is entered first with the value of x/L or y/H to determine Cy and

(dg/ty or (dO/L)M. The second curve is then used to determine Cy or Cy.

it should be noted that when designing two-way panels for incipient failure,
the shear stresses in the post-ultimate range must also he checked using the
— eguations for one-way elements.,
S

"

Y
»
=
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o

-35.3 Ultimate Support Shears e
A
k-35.3.1 One-Way FElements. The wultimate support shear VS for a one-vway
element is
V = ¢ —— 1-120
S 5 L

where Uq is the shedr coetticient and 18 a constant ror & given support
condition. Values of C, for several one-way elements are given in table 4-14.

1-35.3.2 Two~Way Elements, For a two-way element, the ultimate support shear
VSH ir the horizontal direction (along side H) is represented as

2.
Eﬁécfds

v - Rl 4-121

sil “sH L )
and st, in the vertical direction (along side L) is

p,af..

V. o= —LCod B-122

sV sV H
where CsH and Cgv are the horizontal and vertical shear coefiicients, re-
spectively. For a given support condition, these ccefficients vary as thes T
yield line location ratios x/L or y/H, The shea~ coefficients are listed in Qﬁb

table 4-15 and for the trapezoidal sectors only are plotted in figures 4-53
through 4-56 for various supnort conditions.

4-36 Composite Construction

4-36.1 General

Composite elements are composed cf two conorete parels (duror and acceptor)
separated by a sand-filled cavity. They have characteristics which are ugeful
in the blast resistant desigrn of struectures located close—-irn to a detonation,
For a large quantity of explosives, replacing a single concrete panel with a
compGsite element can resull in a considerable cost savings. It is not usu-
ally cost effective Lo use a composite element for smaller quantities of ex-
plosives where a single concrete panel would be three feebt thick or less.
Where a single concrete panel would be between three and five feet thick, a
detailed cost aralysis is required to determire whether or not a composite
clement woald be more cost effective.

Composite walls are generally used as barricades to prevent vropagation ol
cexplesion betweer large guantities of explosives, These structures are usu-
ally designed for incipient failure. Composite elements may be designed to
provide higher degrees of protection, but the massive walls (greater than 5
feet thick) that make compusite elements cost cffeclive are generally not re-
quired in such cases, 1If the waximum suppori rotation is limited to Y degrees
or less, and a composite clemant is shown to be cost effective, single leg ¢\3

F.y

.
i

=
x

b~ piute
=

..,~
PN

¥
ot Nyt 4

x

& Nt
Sel g0

ws

P

T A

=T
LS
Y

e o

o

o o g

7]

ﬁ
7.

,’-,




)
- - (HT/8Py— 1) /Ay —€)
ffp— £/°p) A3
PV RS 1>hr>§ (HT/Pm- R (77— 1 (H/A- D (1
. =1~ t
(4°pE—¢) - (H71/%°P8— H/A—£) (H/A¥—%) = < A “
PO Lo fp _ 12 1S/ pS0 \\r/
CPr— 108 _ >8>0 (H1FPe= gii=1) (17~ ) BIA- 8177 T i>ale> ! \\W\\\Yw\ﬂ
L d
: ‘el L L Ls
{(TH/ZP%— V) {1/Tv ~E) - - e -
SHIPSY (=p—14%°P)8 \52/p> A4S #A
(TH/ZPe—1/=— V) (H/Po~ V) (/- ) (H/PI8 t>R/v>Y IR NAE) /Y!ﬂ/\ 4
R\\ | ~~F
(7H/ 2 —5) (7/75~5) (2/py—) SEaa4 (as
TH/TP8—1/2—8) (7/7y = R *py-g e
SHIPS —_ Sz/p50 .
(7R/7Pe— 12— VN (H/PPE - V(12— (H/P) ¥ i>#/2>0 =/ = 1) (=P ot t IL paxy s38pa Jnog
—pne (HT/%PE— 1) (H/5T— ) e -.f|
£/2p= YA S S7/P51
REa s 1P (HIFR = RIA= 0177~ D /A= 9 (T7)s B> :\M:\x
\ -y
{£/)°pp— 1) $56/850 (H7/7°P8— H/A—9) (H/AT—8) 15 7/950 i //11\\ “
LS Ak L i :
{81 (A/°P) 0€ (A1/%r= HIA=2) (1772 - D) (RA= 9 (1/°P) 5 H
(P SIFINY,
(TrH/zPe— 1) (7/7¥—8) = < S
I>HIPS (=rP-1tz/P)g 152/P5 § A A
CIH/TP=1/T=D{H/P— D (12 + ) (iH/2)T ASAL AN / A
A / \
(CTH/TPy—T/7— ) (1/74 - ¢) N (z/*p%—3) S | 2917 3%y vUO puw
SHI’P>0 ——— - >IPE>0
AP =12= D HP= DT/ 40 7P 8 >H WY > Tt_x paxy sa8pa 221,
- - (HT1/°P—1) [ H/Ag—S} [ |
&rp—1) (AP 1545 % — 15775 ¢ Al ~
@rp-nirms (HIPe= M= (17~ D HIRA B (1P g s
* -
(A1pp—1) (HT/Ap— Hif- 01 (H/AT-8) § = .\\\\ “
—_— $54/75 0 2 S S50 | S B
{EPp= A Pe 7 {HTRe= 4/~ 0 (1P D HIR+ ) (17R) A
4 L i Ll ,
S/ i L i (ZHIPSY (=/P~1) (=1°P)8 152,054 ‘ Va4
(7P 17 = (= U1/ 2+ S HT ) 7 F
/s
yi 231y 523pa
CTH/ 701 =7/ = Q) 1757 — 1) - (z7p5-9) SzipS " ~ omj DuUB PIXy
- I o3 —_— \>%/°p>0
CIRITP= 173 ) (3P~ DL 17787 6 s > HIT>0 PP 1) /P08 X 5o8pa juaselpes omy,
4
AD IUIIGIEOD TSI NI JBIUN BIRUIIYN RIITIIA | sy H7 JUDFIID 2RI IVALE WWLLIN [HUOTLICH _ snwry m uorgesC] durf P SUDNIPU0D I¥pY

(ILT pug II ad£] uOT3IOBg $50ID) $IUBLATT ABM~0mI :07 310ddng ay3

wexy 9P

QOUBISTI( 38 SSwIIG AEIYS

AJBUTLZIN 40T

S3UDTISTJI90) IEBDUS

€1-7 319°L

-123-~




T YR TSR

R R I R RARTS  ARAOGIN MGty | ARG D

4
=
— s 1o ULl Hm i
T n
@) o)
[t — o
~
¥ 1§ g
T ©®
C —
.
Pu
oo
i !
: w @ -
o O o
T 5
—
H 4]
] = <
1 B £
T -
p. o) -
r l = =
,m -+ H Y O = 0
- , [
; ) ¢ > U
T ~ - .
& o L
4 : v h el .m o ~
1 w + « 1 4+ = ow n
| ] X T L~
T.‘rl.l “wp + +~ l T < m c
v = ] RS y [SR
; - NER! T ! 1O -
+— T T ¢ T [ —
" 4t t * —t 1 o
g +— M i M : = -
o ' 1| )il M TY JN\ T I [ .=
™ FiTY ! 11T H .
sie i 1 T 1 T i t _ =
— M T T ¥ T T T . IS
! 1 it ~1 o <
, T T T 1 1 PN e
THE T T =
T BB A T -
+ IBBR 1 < =
T : <D
¥ re— e
-+—1 Av..l -
] 2
L L wl - >
H
s o o o © < N o 2
. .
- - — n_ 0 nv o i
| <
t > o
. Q =
=
] o
c-
=




THETEEEAF B —EabiEa—a—a A aih - s ab b SEL SE SR EF L - RS L BN BN BN )

T T 13-
1
SY -
1.4 =
; ! Il
T L M
! N
12 ! |
10
| 0.8
Eb« i \
Cu
+
0.6
al
]
04 4
-
02
|
T
‘I'
7
0o LIl 1
0.2 0.4 0.6 0.8 .0
dc/x
T Figure 4-40 Horjzontal shear cocfficients for ultimate shear stress
Qif‘ at distance d. from the support (crouss section type

11 and 11i)

~12%5-

X,

I e |

T

J BN |

{3

7

S A

A% I 7

.
R

T v

4

o
t
«te -




e d
(aom ol o -AS
: [ ! .NJH-.HQ..H} oy
HM,-.\W.»FM!".M MR ALt !M, ERTY T T
. o R [ a S IR M
Za_a Y " R L g " \@\\j. Eiraliast o 4
: = “Mr;. AT Zhhse
- - =R

" o~
ui O o’ o @ w3
T o oo
- - 11
J " ﬂJﬁ‘ nou
4 no~
Moz
q 2
S H s =
1 T » S
< A @© S
= J
Vi @) *£ow
ol
\ J v
— -l
e
/M B T H/M
m lf 6 =
dc I vlﬁlr -+ -+ - - =
G / SHES THTTHS  5:
o~ - =
> 1 s uw - z
n T i SESERENEERSESENEERSun} X == .
T - T TAT B .ul. -~ -
¢ o= ssaaks H 1e¢ 25 =
b RS T NG 1T ; T
x| AN I ) % o T i T RENESS H° ==
\ 1 -
f \ ~ o I 41 z
, 3 N PR b
] /A\U_ H.l? L'Lﬁl;.‘“ w { M L,,.|.7 T 4 § = -
- =i 4 RE S Faoed - =
H T { ] o 27
1 ISRERSRERS PN -z =
- T T ="
T . M0 t P
1 { [ bt |
L 4+ T m ! Ix.t._..Lh L
oL 1 + - .,
0 ity N -
) M ol o L | 8 )
) 7] @ 0 o ~
n
o o <
o o o h 2
o &

- 3
T
~
(]
2




e J\.\ﬂ-.¢. PP I ST RO S e
h\r.rnu\..r\rLlh“\\W\.h_i FL LA o < . -h 1-.q|.\. ..uh.r t .5 Lrltlw 0l Ol &b A

DEVERRRCH [P oo UL 2o ROBBES =2 2 2 [FA RIS AT

£

(111 pue 11 2d43 uot1395s $sS010) jaoddns woay uv JoUEBlISIP 13IE q
$$213§ IB2YS 9JPWIITN 10J SOIIRI JUITDIIJI0D iIBSYS [BOTIJII\ Zt-% 3an31g “
®(H/%p) M

H/3p :

N

o2 81 9l t A el o 80 90 0 20

L& o] y
4 - 41 R
p

L T 20 !

L8 ] 8'09899°0="1% | _ N

—— ¥

+ 4 ﬂvL T 1+ + H 4+ ]

11 1+ nEu - 111 , [ _;

4 + vt 4+ 41 444 4 4 4 - Y

[T17 20=1/x FA]) N TP T TITITIIL 44 ] LAY :
11 3 vox y HUE 44-+4+ 44 - ﬁv 44+ TT 44444 - w
: X 131 (11 !U !

» Ay 3

1 N -3 -4+ 4 - ’
. ! L
X 1 ; 50 L .
N ] S :
4 11 Va q ;
)
1T 0180=T1/x .
- | A . i A 1] 4
ul Iy AN LT T Y H inn
—4 4 4 .- = [ ﬁl
N
JTI . ]
H+ Tt 1 T 50 .
+ |1 o ]
-+ 4 - m -
— TiIrt e+ —4- 444 -1 g - 9

44+ +4 414

-4+ +

SN

I
1
1
v
MR
1l
L
.1
I
1
1
I
1

L i1 4 44 44 414 -4+ - A
r -~
1 1+ ++ T - \\\ I b
} ) - 1L pd * 4
Tt E
] 1] L: - |;.I.Hr “++1 11+ H r
iufadannis; jElnnbununnnal T X ,”
1
1111 44 ..l,J” — 4 4 L4 4 1 1 bi
C 1T HESEE SR | i . »

55 i g

P T O S N S SR




0.8

0.6

C.4

0.2

= o &7
P 2
CM
" o - o o © ~ © o
- - - - Q &) (@ O
-
- <-4 4 14 444 44 . 4+ t1+ 4 - +1+1 1 —+4 f,;
ﬁ | iginasy 1T I b
— -4 —4 . F . + + 4 -4 1 -1 ~{ 1+ .A .|AJ
4 H ~HHHHE HHHE T o
5 1 N e o 1T T 1T - 1T
“ - g
11111 sudEN..B 13t 1
T %
©
‘Wi
- (o) N
1
-+
4 b - -
L -+ 1 e 1 -4 4 i
1w s
1 | | 44 ] -
/U i
©
M bt 33 | 4+ 4+ 4+ 4444+~ 443 1 —+ 4 4 = B
h ~ 4 -1+ L 4 -y
v L1 1
\ /b_ ] W 8 0 S o o o § +H 1
[ v, 4 4+ +
\ = 4 san
\ H W 3
A o © L -+
\ = H W
4 O
i
_I.. : el /]
4 ¢ -+ IMIJ - m

0.56

(o]
Q

054
0.52
0.48
0.46
044

(de/L)y

042

.- ..‘
B e T e e

Y/H

Horizontal shear parameters for ultimate shear stress

PPTRORY

S ae i

at distance d, from the support (cross section type
=123~

IT and I1I)

Figure 4-43




(IT1 pue IT &6A3 uoT353s sso1n) 3xoddns syl woxj Op aouUEISTP I®2
SS9131S IEaYS S9IPWIITN JOF SOTIEI JUSTOTIFS0D IBSYS TEIUOZTIOH Fp-F 2InHTA

N{/p)

Iz’
9°( ] FAl o N - 80 90 +0 20
" ! T 1 0
[ ) w
7
20
= 808 9990=H/g :
] t 0
- - - 1
o 4 P O=H/4 [ Pl 10
N :U
o
190 ~
i
O=H/K
80
vli ]
-+ ﬁ o
|
y <l
! 3
m ' [ \\\\\\\ X
1 t H
T ! }
ﬂ L
H : L+ !
l
RS 14 I 1




L
FORX,

-

4

: BESEERE J13 o

» ,)’-P!

k
[
X
2
P}

{ N
; 056 H 1.2
b I
| r :
1 =
;i 054 1.1 ;
3 . T H

172 <de/y <1
4
i 052 LT IIZSdc/Hs.IJL M i0

A

|

)
1A
Q.
O —
T
I
<
N
il

TR APPSR X B

O
8
r

&
O
€

(de/y)m Cm

04¢ - 0.8

L

1]

+

0 46 a 07

. }_.\._

d
TR L T A TR T

044 ' 0.6

e

L s
r A

0 42 L - 0.5
0 0. .2 03 0.4 05

3
!
\\h
B

Figure 4-45 Vertical chear parameters for ultimate shear stress at distance
de from the support (cross scction type 11 and 1101)

-130




Earle L ot <%

Rl ot P AT AT R ™ w AT LT AT e B Ty e R L Al K KT B T G d ot A e Mo 2 B0 WS Y W o8 2 A A P BB AR e A e AT K E T 4 4 TS A L MAREE b F E E & A e

(111 pue II adA3 UoTides sso01d) icddns syl woxg 2p aouelsTp
e S59I3S IPaYS 23PWI3[N JIOF SOTIBI JUSTOTIID0O I®dYS [edI3asa 9y-f @Inbrg

N(H/9p)
I\oe
02 8’l 9 vl 2 (ol " 80 9°0 +'0 ¢ 0 a
! H] .
¥ N
c0
231 0 8 €EE 0=/«
I L
H . $0
{1 1o=1/x & H an [
2°0:=1/x M L)
Ay
]
: 3 H 9'0 -
T I _._L
S 0% 0=/« N
: 80
r a
1 * BEA
0
: T
: 11 1 I
i 2f) e

B v A S N v




3 I
11 i
L -_:L\‘
n /L [ bl c\‘-iﬁo
X // \\ f . -
-~ >~ F
1 "'——M——‘L
i L 1
Ty ssnsi NS " +
028 - 1 -
1 11 I
- ! '
0.27 1.30
P |
Vasden <l 1
v |
1
026 -+ 1.25
Va<den <172 Bl -
» i -
s - y
i =
T3
0.25 H— o 1.20
L)L .1;1‘:0 <8/ fiq ; - Al 1
T
i N -?'_&
I
0.24 nanEs .15
l -
: aERERE =0<dc/L.<VY4
f . T \
+ | ‘ 4 ,
L LA+ ]
0.23 H T L0
— \
1 I
T +
— ] I
y SRS t
0.22 /.,q.-ﬂ.i T e 18| - 1.0S
I Tt ERENERNEREE 1
T SSNEERN i -
! RS SRR ~
T .
‘i I] + TLI, ij s — !
] M M 1
0.2l e 1.00

0O 0.2 0.4 0.6 0.8 {0
Y/H

Figure 4-47 Horizontal shcar paramelers for ultimate shear stress O
at distanca dv from the support (cross scction Lype ‘rf'.\hr:'

11 and LI1)




TSSO x "

..L TR Ty e :
PR A B KAt B SRS : | ERR RSl A

(III pue II aod&3 uor3zocsas ssoaw) 3xoddns ay3 woijy 2p IDOUEJSID
}e SSOI3IS IPIYS 93JBWII(N IO0J SOTIRI JUSTOTIIS0D IR9YS [RIUCZTIOH 8F-f 2anbig

N(/9p)
/9
o¢ 81 9’| ¥l rAL 01 80 90 A0 20
h § \ B JIITTT11 Y 1 O
2 { 1111 « T
60 =H/4
111
Iill
] 8'0sH/ 1 -
20
4444 -
1T133T
- Af
Z0=HA N T H -
: - As)
0 =H/ 11 + 10
Hy
111 4 -+ ——4- |
an 2°0 &
- .l_.‘
H 90=H/L
0180 =H/K 1 as
80
Ll J!l A
JI -
T
ot
{
1
1 [
i ) !
i ; ] ]
N T 1 T
T 1 EEasEaEsssassas
H i )] TIITTT ! N B MRl T N 117
Tl 18560 B4 H Il b A1 : L1 1 L 4T 111 111 1

'\‘l
v
‘o
Yot
&
oty
M




T ST T - - - - - - — - - = T/ S 0 = - = = - /m o= 5= = "W W ‘'"ms """, -""T®w"' & " " rwr_ - -*F£= E oo memooIERTOEREC

1 T ! T
v ‘]r 4 .
-t
X WL
T
pyyY) .%' v '
N\ et —
x Dot “\ 1
0.28 i ‘# !
B —— 1
4
0.27 .30
|/450c/H§|/2 —
Q.26 - +41.25
4 h;;4gd¢/l"|$|/2 =
p T
|
4
oot
0.25 M1 1.20
N OSde /HSI4 ‘
( : jlj =1 C %
— M
de/Hy, !
—t-
0.24 LIS
] 0<dc/HS 1/4 T =)
4 +
us 1‘ it A
B N .
uian - - o
'ns
23 1 it S 110 5‘3"
b1 =] tr“!
[ 3
M 3
&
0.22 .05 4
1 ok
e B
T
- 4_{ ]
'.':'i
b |
0.2} 2= — L .00 1
0 0.1 0.2 0.3 0.4 0.5 N
B
X/L
RO
S
Figure 4-49 Vertical shear paramcters for ultimate shear stiass at distance :}{
de from the support {cross section type 11 and T11) \4::.
N

s
s

-134-

kil
d

R
LI
"A



FS 1

{111 pue II odA3 uotjzooes ssoad) 3jzoddns suz woxy “p anuelsip
3B SS9I3S I®daYS d3BWTITN TO0J SOTIBI 1USTOTFIO0D Ieays TeDT3Ia8A (G- =2aInb1a

W(H/ap)

H/%p
oe 8l 9l v [l o'l 80 9
] )| Y11 ]d 1
JIIITTT 1
A H S#0="1/x

] 1111
LI T

H 0=y

TR

+0 20

Ho

Ll

———3
i
T

11
1
ot
]
T

20="1x H 1

-

F 111

:
i
!
pRgs




R ISR QN ol A AR e I A
T R T LN m&“ﬁ\ﬂ Hﬂlnh\Awmf.\.ﬁ.FwF\hﬂm Zlea

Vo
1S
N
N

1.30
1.25
2
LIS
110
1.05
1.CO

1'e]
e 4T4I.$ - b4 Y.lAf - JY— )_1-!...1 O
v BESsasdsasas:
t+ 1 S
M - e PR
) IR Dy RN
o BRI ] n o
-+t -
RS : n THIHH < 55
+ . o
T T EETETIE S ek
ATt o
M EES +-1 o o®
N v ; yaganet
= Y FHET 8 It } i ~ o
" Wi ¥ ~N 4 . ]Trﬁ ..Tlr 4 +4 o
= HH < SHIT I e 32
L 11 dC +¥+14+H viptliedid e - 4+ ‘l..m.f (@ i
e V] A 444 O -4 4L A_.. Ll 41 1 . H by S5
4 . -4 ¢ - B o N R ek o P 1- ¢ w a2,
{ F > K+4 H+ b b ¢ +—+ 44 X w =
L e g O bt —+ —t = ,,J;F - ~ = U
jags R T T I ] = 2o
- - B - bbbt i L4 - 1 - .
et T * SEREE 1S . WAt R R I s aa R RAARaetd P
i slasREsssEinaasgdasuadnaSnd SETBEREEAsAndnsnnnn R =e 3
A T = T ' T ; ) . = = -
T TT aM 1T ST T g af g i fi W 1 dq b TT 1 I &lw 4 O H.H g i
oirr F > 4t BEARE W Y TTr FHiredpr b pul
h S 4 v T .,ILLI-L w-*. 1 e 4 g IS mini b+ 4 4 -l
S H 111 N e RS EEa AR R + f;i;ﬂfﬁf s
o ~ v e ! — 4 — t—t f-b -ttt 2
AR dC 4+ 41 bt et .w _‘LTJV...W.. Tt b - r‘*.+ 4t = <
T+ 3 vi -+ 1 w it L+ 4 F o HERE +-+ 1 ‘- + 4 -t ot 14 hL ﬂL & o~
——- 1 i .T..“ M + Llﬁ} - of ﬁ.TT — 4 ‘..-r.%i._ e +—+ ._H =+ — e
4+ 4 Ll = ~ - { L 4 k Py S + 4 - oo —
11 M T+ | Jrﬁ%[ H‘AW wTH+ -_ S5 -
= T jgssssasausgausans \nnsagpaus PRS0
-4 T 4 et -+ »|+1T + -t 1 £
%l -4 +1 ! ,r - T T+|y1 d THI-LT U +—4 %4_ H o ©
o T T T TN 5o
T+ W .._f-l..l*. L+ 4 _.+ 4 Ln l _l.T....,.LI i —1 = o~
- { t THTE } 1t
T Tt T TN
4 »I» Tl L - . [T ..IF 1 _ .w. 1~ \IIHI w V%.W Tﬂ. i .t N 4 .h AWLM O —
u™
o0 ~ 0 e < N N - 1
N o N od 5 ~ Y] o~ o <
o o O o] - O o O Q o
j=)
k? 2
o f=
'




,...-x\ﬁ.A .,.
| R T | 3 e
P RIRPAASIARY - RO i T

(IIT pue II 2dA3 uOT3D3S SS504D2) 3ao0ddns oy3 woxj °p 8OUEISTP
1e ssoI]§ Ieays ojewri[n IOF SOTIeI JUSTOTIIS0O IPdYS [RIUDZTIOH ZG5-¥ 2and1g

N Vop)

m\uu.ll

8l 9 vl FA o't g0 9’
i

¢0 S0

T

+=+ O

4~
ol ol
<

T HLLER L4 Lﬁl Lh JEEEENA + H
p 9 O A U 1 O G |
FHPA AT jangaakadnsfigpinasy T ;
g L 4444144 44 b+t .
L HI T P H 44
117 U EITT 1T
a2 | . pERRANE ANENENRASSEEEERENUANR RN RQUNNENNEE BN
1 I'0O=H{ [ L4 HL 11 4141110 § + b6
a HTEHL .lﬁ.rv 111ir : Lﬁ.ﬁuv“ 1] I-.ﬁ. T =
any ] JEREEERERERRNNNE SNSEEENRERNENRERNRRY N
T r —1 ﬁlrlA “ J L[I ”Jll ﬁl. r l 1 d ﬁ“

i
111 v. N 0 A 0 0 5 W 0 U WY N W A A o o ~
[an)
N Ar 1] 1.,l7 r.ul u _ﬂ

3 seasshpsgusaia: -+

i ’ T
. €0=HL ags :
- ST
c0B0=Hs HA R 81 ] 80

Y p 444 LB NS ]

Be 1 \ { 28

+! ¥ 1] TT1 ] 11 agss

D HH T ey
nE L1l 414 44 aLJ... b~
] 13T LT 1 T naug
1] R .
Spens 0l
inu 1111 T1ITr NSNS
=+ 4 {4444
T 1] '
T g 1T 1]
11 1T 1] n {

o ] C -hﬁ.ﬁﬁh

- o | S0 A U O e . b 4t o
1 B 4+ ..I..luv:Lw 4%4 .& Lw;ﬁ T
P s T3 BRES!
11 11 T 1 H»LHU“.H : B
T T e e




IR N I, S SR e ¥ - - b i bt e i Rl R . LR N R Al RS S - P R RS LS RN AN PR Ve RS S 8- Lt

Table 4-14 Shear Coefficients for Ultimate Support Shear for One-Way Elements f
(Cross Section Type II and III) _ N
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st .rrups may be used instead of lacing reirnforcement. Walls using single leg
stirrups are somewhat more economical than laced walls.

e

Composite elements can also be useful for reducing the hazard due to direct Qg;
spallirg. Spalled fragments from the donor panel are trapped in the sand fill

and, therefore, are of ro concern. Spalling of the acceptor panel can be
elimirated by maintairing the required minimum tnickness ard maximum density

of the sand fill given in Section 4-56.2,

The mecharisms by which composite elements resist the blast pressures are (1)
the strerngth and ductility of the conecrste parels and (2) the blast attenuat-
ing ability of the sand fill. The attenuation of “he blast by the sand is
acoomplished by (1) the increased mass it affords to the concrete portions of
the wall, {2) the ircreased distance the blast wave must travel due to the inr-
creased wall thickness produced by the sand (dispersion of blast wave) and (3)
the blast erergy absorbed by the displacement and compression of the sand par-
ticles,

4-36.2 Blast Actenuation Ability of Sand Fill

The method for calculating the impulse capacity of composite elements is sim-
b ilar to that for single laced concrete elements except that the blast atten-
nating ability of the sard wmust be ireluded in the calculation. The blast
wave attenuation is partly due to the increased mass of the slab., When com-
puting the impulse capacity of each corcirete panel, the total effective mass
ireludes both the mass of the concerete and the mass of one-half of the sand.

This irercascd mass is taken into account by multiplying the lmpulse coelli-

T e s X

RN Y VAR RGP Y. 2 B 7 SRR BRI B S e P T T N

cients for spalled s<otions, by ié;
[(T Tug) g T‘W
e =2 (= 4 -12
l 2 " W ( 2)|/(o 4-123
- C -
or for unspalled sections by 4
£
ws Tg E
i + — (5_) /Tc 4-12y @
e ‘T
L - P
b
)

where

wS = welight density of sand

E R e g B o v

wC = welght density of corcrete

é TS = thickress of sand fill h

¥
! n
] ¥,
: The atteruating ability of the sand due to blast wave dispersion ard croergy v
b absorpti.n is a function of the thickness and density of the sand, the impulse ¥
\ capacity of the cconarete parels and the guantity of explosive. Figures 4-57 by
F and 4-58 have been developed to predict the impulse capacity of the coneretoe x
1 element for a sand density equal Lo 85 paf ard 100 pef, respeclively, These i
1 figures are based on identical doror and acceplcr panels. The effect of the {}kg v
» . M
b > \:‘
t ;
\ - 144 - 5
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G vy of explosive is taken irnto account through the use of "scaled" param-
eters which are defined as follows:
e C
T 5 —— 4-125
c 124 1/3
i T,
" 4-126
= 120’3
i
= ba
i = ————e 4-127
ba w1/3
B, i,
i 22— 4-128
a
w1/3

where
TC = scaled thickness of concrete panel

W = weight of explosive charge

TS = scaied thickness of sand
Eba = scaled blast impulse which can be resisted by acceptor panel
iba = biast impulse capacity of acceptor panel
Ea = sum of scaled blast impulse resisted by the acceptor panel
anrd the scaled blast impulse absorbed by the sand
ia = sum of blast impulse capacity of the acceptor panel and the

blast impulse absorbed by the sand

Explosion response slab tests have indicated that the density of the sand fill
affects the amount of blast energy absorbed by the sand displacement, i.e.,
the higher the initial sand dersity, the smaller amount. of blast energy ab-
sorbed., Also, it was observed in the above regponse tests that for a unit
weight of sand equal to 100 pef, the deflection of the donor panel is approxi-
mately equal in magnitude to the dsflection of the acceptor panel. On the

ther hand, with a unit weight of sand fill equal to 85 por, it was observed
that the deflection of the donor parel uswually was sigrnificantly larger than
that of the acceptor panel. This latter phenomenon was caused by the fact
that, with the lower density, the sand had more v¢ids and, therefore, more
room for movement of the sand particles, This sand movement in turn permitted
larger displacements of the donor panel before the near solid state of the
sand occurred.

Based on the above jnformation, it can be seent that if near equal displacement
of the donror and receiver panels are desired, then a unit weight of sand fill
equal to 100 pet should be uscd. A variation of the displacement of doror and
receiver parels can be acnieved using a unit weight of sand equal to 85 pef,
but the aectual variation cannol be predicted.
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Since the impulse capacity of composite elements is a function of the density \
of the sand, it is important to prevent the sand from compacting due Lo its i
own weight and/or water drainage. Several possible methods for maintaining 0?* :
the proper sand density are discussed in subsequent sections concerned with W \
constructicn details of composite elements. )
X
4-36.3 Procedure for Design of Composite Elements ;w
S
The design of cuomposite elements is a trial and error procedure. By using 41
figures U4-56 and 4-57 and the impulse coefficients of previous sections, the '
calcoulations are greatly simplified. The donor and acceptor slabs are identi- Eﬁ*
cal making it necessary to design only orne wall. The depth of the sand fill f;:
is usually equal to the total thickness of the two concrete panels. Using the é;
procedures in the previous sections, each panel is designed to have a blastl &:
impulse capacity slightly less than haif the required. This includes the in- R
crease in capacity due to the additional mass of che sand (equations 4-123 and *5'
§-124), It should be noted that the design is based on the assumption that g
voth panels will attain the same deflection. If the density of the sand fill G
is 85 pef, this will rot be irue. The dono panci will probably have a larger },
deflection than the acceptor panel. Sinece the actual deflection of each panel w3
cannct be predicted, it must be assumed that the design deilection is an ﬁ;
average of the two, d,
With the blast impulse capacity of the two concrete panels, figure U-56 or U- L%'
57 is used to determine the total blast capacity of the composite clement. fﬁ
The following procedure illustrates the use of these figuwes. g\:
K.
1. Using the given charge weight calculate the scaled tnickress of QP ?'
the ecnerete parel and the sand, To and Tﬁ , Pespectively.
- V2
2. Calculate the scaled impulse capacity which can be resisted by b
the donor panel i and the acceptor panel i . ¥
bd ba '
3. Using either figure 4-56 or 4-57 C
a) Enter the ordinate at value of qu. .
P"'
b)  Proceed horizontally from i__ to T_. N
ba ] .
'
c) Proceed vertically fror T to T.. N
d) Proceed horizontally from TO to Ia {(the sum of the scaled i
ur.it, blast impulse resisted by the acceptor parel and the :'“
secaled unit impulse absorbed by the sand). Y (..
k. Caleculate the summations of Iﬁd and Ia to g2t the total unit !v;
L _ M
impulse whichh carn. be resisted by the composite wall ibt' {}'
~
_ %
5. Determine the scaled unit blast impulse ib acting on the compo- ) 8
site eloment, RURL A
I
403
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6. Compare i and 1 . If the blast impulse which can be resisted
by the compdsite e?emenL is not greater than or equal to the im-
pulse produced by the blast then the impulse capacity of the
walls should be inereased and/or the thickness of the sand in-

creased,
ULTIMATE DYNAMIC STRENGTH OF REINFCRCED CONCRETE BEAMS
h-37 Introduction

Blast resistant concrete buildings subjected to external blast pressures are
gererally shear wall structures rather than rigid frame structures. Shear
wall structures respond to lateral loads in a somewhat different manner than
rigid frame structures; the basic difference being the manner in which the
lateral loads are bLransrerred to the foundation. I rigid frame structures
the lateral lovads are trarsmitted to tne foundation through bending of the
columns, Whereas, 1in shear wall structures, the lateral forces are trans-
mitied to the fourndation tinrough both bending and shearing action of the shear
walls, Shear walls are inherently strong and will resist large lateral
torces. Consequently, shear wall structures are inherently capable of resist-
ing blast leads and can be designed to resist substantially large blast loads
whereas rigid frame striuctures cannot be economically designed Lo resist sig-
nificant blast loads.

Ir shear wall struotu es, beams and columns are usually provided between shear
walls Lo earry tho vertical leads ineluding blast loads on the roof and not to
travsmit lateral loads to the foundation. For example, blast loads applisd to
the rront will of a two-story shear wall structure are transmitted through the
root” and irtermediate floor slabs to the shear walls (perpendicular walls) and
thus to the roundaticn. The front wall spans vertically between the founda-
tior, the floor, anrd the roof slab, The upper floor and roof slabs act as
deep beams, and in turn, transmit the front wall reactions to the shear walls.
The roof ard floor beams are not subjeclted to significant axial loads due to
the diaphragm action cf the slabs,

The design of beams as presented in the following sections applies to beamns in
shear wall type structures rather than rigid frame structures. The design
procedure presernted is for transverse loads only; axial 1loads are not
considered, However, the procedure includes the design for torsion, The
desigr of beams 1s similar to the design of slabs as described in sactions
4-13 vhrough 4-18. The most significant and yet not very important difference
in the design procedure 1is that in the case of a slab the calculations arc
based on a unit area, whereas, for a beam, they are based on a unit length of
beam.

Beams muy be designed to attain limited or large deflections in the same
manrer  as nen-laced s1abs, However, unlike non-laced slabs which in some
cases do  not  require shear reintorcement (single leg stirrups), shew
reinforcement in the form of closed ties must always be provided in beams.
Urnder flexural actiorn, a beam may attain deflections correspording to
2 degrees support rotatiorn with a type I cross-section to provide the iltimave
momert. capacity. The flexural actjon may be extended to 4 degrees supporn
rotation i equial tension and compression reinforcement is ruenished, A
Lype 11 or 111 cross-section provides the ultimate moment capacity and the
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required 2losed ties restrain the compression reinforcement. If sufficient
lateral restraint is provided, the beam may attain 8 degrees support rotation
under tensiorn membrane action. The abcve suppert rotations are incipient
failure corditions tor the structural configurations described.

Beams are primary support members and, as such, are generally not permitted to
attain large plastic deformations. Fer personnel protection, the maximum
deflection is limited to a ductility ratio of 10 or a support rotation of 0.5
degrees, whichever is less. Structures intended to protect equipment and/or
explosives may be designed for defiections up to irncipient failure coaditions.

Beams are gererally employed in structurea designed to reslst the effects
associated with far range explosions. In these structures, beams are usually
used in the roof as primary support members and as secondary supoort nanbers
such as pilasters around docr openings. To a far lesser extent, beams are
designed to resist the effects of close-in detonations ir containmment Lype
struectures. In these cases, they are generally used as seconaary support
members such as pilasters around door openings., Large tensile forces are
induced in containment type structures and, therefore, these structures lend
themselves to tension membrane action when the applicable design criteria
permits large deformations.

The irterrelationship betweer the varjiocus parameters involved in the design of
beams is readily described with the use of the idealized resistance-deflection
aurve shown in figure 4-59,

4-38 Ultimate Moment Capacity

4-38.1 Tension Reinforcement Only

The ultimate dynamic resisting moment M of a rectangular beam section of

width b with tersion reinforcement only (type I) is given by:

M =A_T° (d - a/2) 4-129
u 5 T ds
ard:
A fdv
a = S-aETAvT 4-130
Ve 20
(ofe
wher2:
Mu = uinimate wmomenl capacity
Aq = total area c¢f ternsion reinforcement wWwithin the beam
fd‘ = dyrami~ desigr stress of reinforcement
O
d = distance {rom exiremes comprassiorn lber
Lo centroid of tension reiniorcemens

a = depth of eguivalenl recbang dar stress block

b = widith of beam
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féo = dynamic ultimate compressive strength of concrete

The reinforcement ratio p is defined as:

As
= = 4-131
and to insure against sudden compressior failures, the reinforcement ratio p
must not exceed 0.75 <f the ratio Py, which produces balanced conditions at

ultimate strength and is given by:

0-85K, féo\ 87,000

P, = 7 / §7,000 + f 4-132

ds ds

where:

K = 0,35 for féc up to 4,000 psi and is reduced by 0.05 for

2arh 1,000 ps1 in excess of 4,000 psi

4-38.2 Tension and Compressicn Reinforcement

The ultimate dyramic resisting moment Mu of a rectangular beam section of

width b with compression reinforcement is given by:

- - vy e ( - . 1 - 1 N-122
MU (AS AS ) f s (d as/2) + AS fds (d - d') 1-133
and:
(A - A" )T
s s ds .
= s )4—

&= 585 b & 134

de

where:
A% = total aresg of compression reinforcement within the beam

d' = distance from extLreme compression fiber to centroid of
cainpression reinforcement

The compression reinforeement. ratio p' is defined as:

]

H-139

P b

i

Equation H-123 i3z valid orly when the compression reinforeemert yieldo ab ul-
timate ctrength.  This condition is satizficd wvhen:

/1‘1 d'\ [

< . de 57,000 Bo1 s

N 85 K — e IR A -1 360
p-p 0,85 Iw, ( fdo J } 877000 = F 3

ds
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In addition, the quantity p-p' must not exceed 0.75 of the value of Pp 8iven

in eqguation 4-132 in order to itsure against sudden compression failures. If
p-p' is less than the value pivan by equation 4-136, the ultimate resisting
moment shouiu nch exceed the value given by eg:ation 4-129.

For the design of concrete beams subjected to far range blast loads which are
te attain support rotations ¢f 2 degrees or less, it 1s recommended that the
ultimate resisting moment he computed wusing equatiorn 4-129 even though a
considerable amount of compression reinforcemert is required to resist rebound
loads. It should be noted that a large amount of compression steel that does
rot yield due to the linear strain variation across the depth of the section,
has a regligible effect on the total capacity.

For type II or III cross-secticns, the ultimate resisting moment M, of a

rectangular beam section of width L is Kiven by:

= A T d ' n-137

3l s ds e

whare
A = area of tension or compression reinforcement within the width b

distance between the centroids of the compression and the

[
it

tension reinforcement

The &hove moment capacity carn only be obtained when the areas of the tension
ar.d compressicn reinforcement are equal. Ir additior, the support rotation
must be greater thar 2 degrees except for close-in designs where direct
spalling muay occour ard result in 2 type IILI.

4-38.3 Minimum Fiexural Reinforcement

To insure proper structural behavior undzr both conventional and blast load-
ings. a mirnimun amourt of flexural reinforcement is required,. The minimum
reirforcement. renuired for beams 1s somewhat greater than that required for
slabs since arn overload load In a slab would be distributed laterally and a
sudder. faiiure wili bte less likely. The minimwn required quantity of rein-
forcement. is given by:

p = 200/fF 4-138

which, Jor 00,000 psi yield strength steel, is equil to a reinforcement ratio
of U.G023., Thiz minimun reinforcement racio applies to the tension steel at
mid-span of sSimply supported beams and to thne tension steel at the supports
ar i mid-span of fixed-end beams.,

Corcrete beams with tension reinforcement only are not permitted. Compression
ruinforcement, at least equal Lo cene-half the reqguired tension reinforcement,
must be providea. This reinforcement is required Lo resist the ever present
rebourd Fforces., Deperding upon the magnitude of these rebound forces, the re-
auired compression reinforcement. may egual the tension reinforcement.
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4-39 Ultimate Shear (Diagonal Tension) Capacity

4-39,1. Ultimate Shear Stress Q?ﬁ

Tne nominral shear stregs v,> as a measure of diagonal tension, is computed
from:;

Vu
b
v = — -1
u bd =139
where:
Vu = nomiral shear stress
Vu = total shear at critical section

The critical section is taken at a distarce d from th® face of the sapport for
those members thil cause compression in their supports. The shear at sections
between the face of the support and {née section d therefron need not be con-
sidered critical. For those members that cause tensior in their supporis, the
critical sectior is abt the face of the supports.

4-39,2, Shear Capacity of Unreinforced Concrete

The shear stress permitted on an wunreinforced web of a beam subjected to [lex
ure only is iimited to:

v = )24 2,500 p) $3.5 (00 )12 4-140 e
¢ e o o
where:
v, = maximum shear capacity of an wunreirforced web
p = reirntorcemert ratio of the tension reinforcement

at the support

4-39_3. Design of Shear Reinforcement

Wherever the nomiral shear stress v, exceeds the shear capacity v, of the

cor.erete, shear reinforcement must be provided to carry the excess. Closcd
ties placed perperndicular to the flexurai reirforcemsart must be used to fw-
rish the additionrnal shear ecapicity. QOpen stirrups, either single or double
leg, are not permitted. The required area of shear reinforcement is calon
loted using:
Lev, = v,) bs.]
A¥ = - T, 411
ay

where:

AV = {otal area ot stirrups
-V = Q¥oess shear stress -
u o S
X ."“J

- ‘I.C)“ --

o

£y ;(’}_2?.": g

SLTEARA B

b .

T

e

x

51 O

l-l l.
oty

“w Mty

ft



. 4’.

s

7

Ss = spacing of stirrups in the direction parallel to #

the longitudinal reinforcement -

-)

$ = capacity reduction factor equal to 0.85 Q}

4-39,%. Minimum Shear Reinforcement o
o,

) . R . C . -
In order to iasure the full development of the flexural reinforcement in a gt

beam, a premature shear failure must be prevented, The following limitations
must be considered in the design of closed ties:

LB ) satel

1. The design shear stress (excess shear stress vu - VC) used in equa-

'S

-
-

vion 4=-140 shall be equal to or greater than the shear capacity of
unreintorced ccnereta v, as obtained from equation 4-139,

X

o

2. The nominal shear stress v, must not exceed 10 ( féﬁ 172,
[

e
*

3. The area AV of closed ties should not be less than 0.001% bss.

ki, The reqiived arca A&, of closed ties shall be determined at the cri-
v

tical section and this quantity and spacing of reinforcement shall be
usaed throughout the erntire member.

5. The maximum spacing of ciosed ties is limited to d/2 when v, - v, is T-

; , 172 T R L . - W

less than 4 ( rac )]“ or 24 jrshes, whicnever 1is smaller. When B,

. ’ . 1/2 . . ) . 5y

Vo, T Ve I greater than 4 ( Iéc) the maximum spacing i1s limited "

o /il g%

é.'-‘

L-40 Direct Shear o
U

Direet shear tailure of a member is characterized by the rapid propagation of g
a vervieal craek through the depth of the member., This crack is usually lo- £
cated it the supports where the maximum shear stresses occuw . Failure of this =
. . s . . . l\
type is possidble even in members reinforeced for diagonal tension. ;,
re

The enoraret=2 between the flexural reinforcement 1s capable of resisting direct 5

shear stress,  The corcerete remains effective because these elements are sub-
jected vo comparatively low blast loads and are designed to attain small sup-
port rotations. The magritude of the ultimate direct shear force V, which can
be resisted by a beam is limited Lo:

Rp. At

=
>

.

V., = 0.18 {' bd §-142

a ! do

x

3

g

The total support spnear produced by Lhe applied loading may not exceed Vd'

1Y,

5

S —
T AA S

Should the support shear exceed Vy, the depth and/or width of the beam must be

St

increased sirce the use of diagonal bars is not recommerided, Unlike slabs
which reguire minimum diagoral bars, beams do not require these bars since the
guarlity of flexural reinfercement in beams is much greater than for slabs.
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-1 Ultimate Torsion Capacity

h--4q 1 General

o
A

In addition to the flexural effects considered above, concrete beams may be

subjected to torsional moments. Torsion rarely occurs alone in reinfceroeed

corcorete beams, It is present more »ften in combination with transverse shear

ané bending. Torsien may be a primary influence but more frequently it is a

secondary eftfect. If rneglected, torsional stresses can cause distress or

rfailure.

Torsion is erncountered in beams that are unsymmetricaily loaded. Beams are

subject to twist if the slabs on each side are not the same span or if they

have different loads. Severe torsion will result on beams that are essen-

tially loaded from one side., This condition exists for beams around an oper-

ing in a roof slab and for pilasters around a dnor opening.

The design for Lorzion presented in thia Section is limited to rectangular

sections., For a beam-slab system sudjected to convertional loading condi-

tions, a portion of the slab will assist the beam in resisting torsional mo-

ments. However, in blast resistant design, a plastic hinge 15 usually formed

i.: the slab at thz beam and, consequently, the slab is not effective in re-

sisting torsional moments.

L-41,.2 Uitimate Jorsional Stress

Trie nominal torslionsl siress e a rectangular beam in the vertical direction

(atong h) is given by: : -

) &
“ | N ..
() = === §-143

ard tae rominAl torsional stress in the horizontal dirention (along b) is
Liver Ly

v 3 Tw
(Zu) | = e— : 4-14Yy
H o @
hh
WNnara:
er = nominal torsional stress
T” ~ toral {orsional moment ut eritioal section

b = width of ov:am

I = overall depth of beam

The coritvinal secrjcn for torsion 1o tiken al the same loecation as diagoral
tersion. 1t shouid be noled that the toision stress in the vertical ftace of
the boarn (alowg n) is maximum wher b is less than h whereas Lhe torsior stress
d1orng the Fori-crtal fate of the beam (along L) is wmaximum whern L ois g oezter
thaw h.
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§-W1.3 capacity of Unreinforced Concrete for Combined Shear and Torsion

For a beam subjected to combined shear (diagonal tension) and torsion, the
shear stress and the torsion stress permitted on an unreinforcad section are
reduced by the presence of the other. The shear stress permitted on an unre-
inforced web is limited to;

1/2

2 (féo)

= - 4-14
Yo [1 + (v, /1.2v )2 172 15
tu T

while the torsion stress taken by the concrete of the same section is limited
to: =
2.4 (r )
v, = de ST L~146
te 1+ (toav sy, ]
TG Tt

where:
vC = maximum shear caparity of an unreirforced web
th = maximum torsior capacity of an unreinforced web
VT nominal shear stress

vtu = nominrnal torsion stress in the direction of Yu

1t should be noted that the shear stress permitted or an unreinforced web of a
beam subjected to shear only is given by equation 4-13Y, Whereas, the torsion
Gtress permitted orn an unreinforced web of a beam subjected to torsion only is
givenr by:

172

= 2.1 -1l
v | (féc) b-147

te

Vnenever the nomiral shear stress vu exceeds the shear cap-city Vo of the
conerete, anear reinforcemert must be provided to carry the excess. This
guartity of shear reinforcemert is caleculated using eguation 4-140 excepl the
valae of v, shall be obtained from equation 4-1L44 which includes the effects

of torsion.
4-41.4 Dpesign of Torsion Reinforcement

h-"1.h.1  Design of Closed Ties. Whenever the nomiral torsion stress

th exceeds the maximum torsion capacity of the concrete, torsion rein-

forcement in the shape of closed ties, shall be provided to carry the excess.
The regiaired area of the vertical leg of the closed Lies is given by:

r 2
I‘V(LU)V vt”] b hs
A i} 1. 4118

v 3¢)41LI)LH ‘f

L dy
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and the required area of the horizontal leg of the closed ties is given by:

1 bh2
\% -V S
[(tu)H toJ

A = -~ -1y
(t)H 3¢atbthtfdy ’
in which;
o, = 0.66 + 0.33 (ht/bt) < 1.50 for ht > bt 4-150a
ab = 0.66 + 0.33 (bt/ht) < 1,50 for ht < bt 4-150Db
where:
A_ = area of one leg of a closed stirrup resisting torsion

within a distance s

5 = spacing of torsion reinforcemert in a direction parallel
to the longitudinal reinforcement

¢ = capacity reduction factor equal to 0.85

b, = center-to-center dimension of a closed rectangular tie
along b

ht = center-to-center dimension of a closed rectangnlar tis
along h

The size of the closed tie provided to resist torsior must be the greater of
that required for the vertical (along h) and horizontal (along b) directions.
For the case of b less than h, the torsion stress in the vertical direction is
maximum and the horizontal direction need not be considered. However, for b
greater tnan h, the torsion stress in the horizontal direction is maximum. In
this case the required Ay for the vertical ard horizontal directions must be

obtained and the greater value used to select the closed stirrup. It should

be roted that 1irn the horizortal direction a beam, in shear wall Ulype
structures, is nol subjscted to lateral shear (81ab résists lateral loads) and
the value of v _ used in equation 4-148 is caleulated r'rom equation U-116

cr
[¢]

which dees not include the effect of shear,

Wher. torsion reinforcement is required, it must be provided in addition to re-
inforcemert required to resist shear, The closed ties required tor torsion
may be combined wWith these required for snear. However, the area {furrishoed
must be Lhe sum of the individually reqiired areas and the most restriobjve
reguurements for spacing and placement must be met, Figure 4-60 shows scveral
Ways Lo arrarcgs web reinforcoement. For low torsion and shear, it is conven-
ient Lo combine shear a.d torsional web reinforcement in the form 2f a single
closed stirrup whose area is eqial Lo At 1 Av/2 . For high torsion and shear,
it wonuld be ecoromicar £o provide torsional and shear reinforcencnt sepdr-
altely. Torsional web reantorecment eorsists of closed stirvups aloeng the por-
iphery, while the shear web reinforcement is in the form of eclosed stirrups
distributed along the width ot the member, [For very high torsion, two closoed
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